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ABSTRACT: Chromosome structure and dynamics are essential for life, Local interactions

as the way that our genomes are spatially organized within cells is crucial

for gene expression, differentiation, and genome transfer to daughter

cells. There is a wide variety of methods available to study ©enome-sized DNA 2 Emergent dynamics
chromosomes, ranging from live-cell studies to single-molecule
biophysics, which we briefly review. While these technologies have
yielded a wealth of data, such studies still leave a significant gap between
top-down experiments on live cells and bottom-up in vitro single-
molecule studies of DNA—protein interactions. Here, we introduce
“genome-in-a-box” (GenBox) as an alternative in vitro approach to build and study chromosomes, which bridges this gap. The
concept is to assemble a chromosome from the bottom up by taking deproteinated genome-sized DNA isolated from live cells
and subsequently add purified DNA-organizing elements, followed by encapsulation in cell-sized containers using
microfluidics. Grounded in the rationale of synthetic cell research, the approach would enable to experimentally study
emergent effects at the global genome level that arise from the collective action of local DNA-structuring elements. We review
the various DNA-structuring elements present in nature, from nucleoid-associated proteins and SMC complexes to phase
separation and macromolecular crowders. Finally, we discuss how GenBox can contribute to several open questions on
chromosome structure and dynamics.

KEYWORDS: DNA, chromosome organization, synthetic cells, bottom-up biology, emergent dynamics, DNA-binding proteins,
DNA loop extrusion, phase separation, minimal genome

ver since Watson and Crick discovered that the innate assays,”” how the properties of the cytoplasm, nucleoplasm,
double-helix structure of DNA was key to its hereditary and confinement influence the dynamics and structure of
function,' a major question has been how the physical chromosomes across species,'’"'" or the discovery of the
structure of the genome underlies its biological function. importance of phase separation in various aspects of
Historically, the study of chromosomes started at the chrorzréos:gme organization,”*™** from transcréiptional conden-
phenomenological level already in the 19th century, when sates”®™>® to heterochromatin formation.>*™>® From this brief
Flemming reported on the changing shape of chromosomes list, it is already apparent that chromosome organization spans
across the phases of the cell cycle from interphase to mitosis.” a multitude of scales from single molecules to full

chromosomes.

Eukaryotes and prokaryotes organize their genomes differ-
ently, storing a large 10’—10"" basepair (bp) eukaryotic
genome®” in multiple chromosomes inside a nucleus (Figure
la) versus packaging a smaller 10°—107 bp prokaryotic
genome”’ in one chromosome, also called the nucleoid, that
is freely floating within the cell cytosol (Figure 1b). Yet, the

Significant progress was made in the second half of the 20th
century when the molecular biology revolution opened access
to studying the many nanoscopic elements that underlie
chromosomal structure—a development that has continued to
the present day. The past decade, in particular, rapidly
expanded our knowledge of how the genetic material is
physically organized within the cells of the various kingdoms of
life, yielding a string of notable discoveries on the interplay
between function, structure, and dynamics of chromosomes. Received:  September 2, 2020
Breakthroughs were, for example, the structural mapping of the Accepted:  December 16, 2020
genomes using chromosome conformation capture (Hi-C and Published: December 21, 2020
related) techniques,* the capability of structural maintenance

of chromosomes (SMC) protein complexes to extrude loops of

DNA as demonstrated using single-molecule fluorescence
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Figure 1. The hierarchical chromosome organization in eukaryotes and bacteria. Double-stranded DNA is the basic component of all
chromosomes in both (a) eukaryotes and (b) prokaryotes. (a, i) DNA in eukaryotes is wrapped around histones into nucleosomes, forming a
beads-on-a-string structure. (a, ii) Loops are formed through passive bridging or active loop extrusion. (a, iii) TADs are large-scale structures
that have increased contact frequency among their DNA loci. (a, iv) Epigenetic markers define if parts of the genome are either
transcriptionally active (euchromatin) or repressed (heterochromatin), which are spatially organized in A- and B-compartments,
respectively. (a, v) Within the eukaryotic nucleus, chromosomes each occupy their own ‘territory’ that is segregated from the other
chromosomes. (b, i) In bacteria, the local structure of the DNA is modulated by NAPs. (b, ii) Most DNA in bacteria is negatively
supercoiled, forming plectonemes. Additionally, bridging proteins and SMCs form loop-like structures. (b, iii) Actively transcribed long
genes form boundaries for plectonemes, demarcating CIDs. (b, iv) On a larger scale, the circular bacterial genome is organized in
macrodomains. (b, v) The bacterial chromosome, called the nucleoid, is embedded in the cytosol and confined by the cell boundary.

basic genetic material, the double-helix DNA polymer, is the
same, and it is becoming clear that there are many homologies
indicating similar building principles across the various
kingdoms of life. Indeed, in this review, we will stress the
similarities between the organization of eukaryotic and
prokaryotic organisms.

At the most basic level (Figure 1), nanometer-sized proteins
such as histones®® or bacterial nucleoid-associated proteins®”*’
bind the DNA, where they locally modulate the structure and
mechanical properties of the DNA, thereby establishing a
“beads-on-a-string” conformation. These chromatin fibers are
further organized in loop-like structures that are formed either
through the action of protein complexes’ ”*"** or via
supercoiling™ ™" by twisting the DNA about its axis. Larger-
scale levels of organization are characterized by the amount of
interactions or contact frequencies that DNA loci have with
each other. At the scale of ~300 nm or 10°—10° bp,
topologically associated domains (TADs) have been identified
in eukaryotes,”*® while their counterparts in bacteria are called
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chromosome interaction domains (CIDs),*” which are at the
scale of 10*—10° bp. Beyond the level of TADs/CIDs, bacteria
have macrodomains,"**’ while in eukaryotes alternating
chromosomal regions (compartmental domains) are segre-
gated into two types of compartments that feature either
relatively high or low gene-expression levels, and which are
collectively called A-compartments (euchromatin) and B-
compartments (heterochromatin), respectively.3’50 Finally, in
the nucleus, individual chromosomes do not mix, but each
occupy distinct locations called chromosome territories, albeit
with a limited and transcription-dependent overlap between
them.”’ ™ The cell cycle, and in particular cell division, is
associated with major rearrangements of the chromosomal
structure. During interphase in eukaryotes, chromosomes are
geared toward accessibility and gene expression, whereas in
mitosis, the structure is strongly compacted into a bottlebrush
structure for faithful transmission of the genetic material to
daughter cells.’* Bacteria, by contrast, do not possess such
distinct mitotic and interphase chromosome structures.
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Nevertheless, they also regulate the spatial segregation of
replicated chromosomes before cell division.*> Despite this
broad spectrum of different phenomenological aspects in the
organization of genomes, it increasingly appears possible to
explain major characteristics of chromosome organization by a
limited number of overarching physical principles,”>** such as
polymer physics, DNA looping, and phase separation.

In this review, we first make a concise survey of various
experimental techniques to study chromosome organization
and the type of information that these techniques yield about
DNA-organizing elements and their local mechanisms. Then
we describe an alternative experimental approach, coined
‘genome-in-a-box’ (GenBox), which is an in vitro method for
studying genome-sized DNA to which purified DNA-
organizing elements can be added. Subsequently, we provide
an overview of how various such ‘chromosome building blocks’
contribute to chromosomal organization. Finally, we elaborate
in what manner GenBox can contribute to several relevant
scientific questions in the field.

COMPLEMENTARY APPROACHES TO STUDY
CHROMOSOME ORGANIZATION

A wide range of methods is available for studying chromosome
organization. Broadly speaking, one can use in vivo studies in
either live or fixed cells or in vitro single-molecule biophysical
methods. These approaches provide complementary informa-
tion about chromosome organization and the various DNA-
organizing elements.

Methods that explore chromosomes in cells fall into two
broad categories: fluorescence-based imaging and methods
involving sequencing and immunoprecipitation. Fluorescence-
based methods®>*® require a fluorescent reporter for visual-
ization. These reporters can be nonspecifically targeted to the
DNA on a global level (e.g, a DNA dye) or locally in a
sequence-specific manner via hybridization of a fluorescent
oligonucleotide to a complementary sequence (e.g, Oligo-
PAINT FISH-probes®”%) or via the binding of a fluorescently
labeled protein to its specific DNA-binding site. Examples of
the latter include CRISPR-dCas9*”® that binds to a site
defined by the guide RNA, oéperators binding to arrays of
repressor sites (FROS arrays),”"®> or ParB proteins binding
and oligomerizing near parS sites.””** Using these labeling
techniques and (super-resolution) microscopy, structural and
dynamic data can be collected across a wide range of time and
length scales.'>*%%

Methods based on sequencing and immunoprecipitation
make it possible to figure out three types of information for
each locus on a chromosome: (i) the average proximity of a
particular DNA locus to other loci, resulting in a contact-
frequency map®®®” (e.g, Hi-C and related techniques); (ii)
what proteins are bound or not bound to a specific locus,
revealing a map of either protein—DNA interactions” (e.g,,
ChIP-seq or DamID) or DNA-accessibility™ (e.g, MNAse-seq
or ATAC-seq); and (iii) a combination of these two, in order
to, for example, show what proteins mediate a particular long-
range interaction’””! (e.g, Hi-ChIP or ChIA-PET). The
aforementioned methods generally result in population-
averaged data, making it difficult to determine how the
presence or absence of a feature on a interaction map might
correspond to the situation inside a single cell.”””” To counter
this, single-cell or single-molecule alternatives have been
developed, such as single-cell Hi-C”* for loci contact mapping,
single-molecule ATAC-seq (SMAC-seq””) for DNA-accessi-
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bility mapping, or single-cell DamID’® to map protein—DNA
interactions. Furthermore, these methods can be combined
with transcriptome profiling, in order to get insight in the
relationship7 between local genome structure and gene
expression, 778 for example, scDAM&T—seq79 combines
single-cell DamID with mRNA sequencing.

A diverse array of single-molecule biophysics techniques can
be used to study DNA and its binding proteins. In DNA
curtains and other visualization ;1ssays,80’81 long DNA
molecules (up to S0 kbp) are attached to a surface in a flow
cell, which allows time-resolved fluorescence imaging of the
stretched DNA and the action of sin§le proteins thereupon.
Atomic force microscopy (AFM)***’ provides a label-free
scanning probe technique, resulting in a topographic map of
the (typically dried) sample at nanometer resolution. Addi-
tionally, AFM can be used for dynamics since it is able to
image at video rates in liquid, which enables to observe, at the
single-molecule level, conformational changes of a protein
while it interacts with DNA. Transmission electron microscopy
(TEM) uses electrons to image a fixed sample with superb
angstrom-level resolution, but it needs a vacuum environment
and the imaging contrast depends on the use of stainin7g agents
and sample thickness. Cryo-electron microscopy”* ™" is best
suited for biological samples, as the biomolecule of interest is
embedded inside a thin layer of amorphous ice, yielding three-
dimensional structures at subnanometer resolution. Optical
FRET assays use the principle of Forster energy resonance
transfer,"*™° in which energy is transferred between two
fluorophores, depending on the distance between the
molecules. Upon site-specific fluorescent labeling, FRET can
be used to measure time-resolved nanometer-scale conforma-
tional changes of the protein and the DNA. In magnetic
tweezers,”' a DNA molecule is attached between a surface and
a bead, of which the position and rotation can be manipulated
by a magnet. This allows to get information about the force (at
subpiconewton resolution) or torque that DNA-structuring
proteins exert on the DNA. Optical tweezers” "> use a focused
laser beam to trap one or more beads, to which biomolecules
such as DNA are attached. Manipulation of the beads enables
force spectroscopy on single molecules as well as complicated
topological perturbations, for example, to enable the
construction of complex protein bridges between two DNA
molecules. Notably, it is possible to combine optical tweezers
with FRET, confocal fluorescence microscopy, and super-
resolution microscopy, making it possible to observe
conformational changes, binding kinetics, and localization of
fluorescently labeled proteins to DNA as a function of applied
force.

Chromosomes have also been studied extensively in
silico.”*™"® Modeling a chromosome and the effects of DNA-
structuring proteins starts with modeling DNA itself, for which
there is a range of parameters that can be tweaked: the total
polymer length, the persistence length, attractive or repulsive
interactions between DNA monomers on either a global scale
or locally between specific monomers, the composition and
quality of the solvent and surrounding medium, the level of
supercoiling dictated by the amount of twist and writhe, the
topology of the DNA (linear, circular, knotted), and the
confinement volume and geometry. Due to the relative ease of
scanning these parameters individually or in various combina-
tions, computer simulations have been a very fertile ground for
studying DNA organization. An intriguing early example was
the finding that two genome-sized polymers spontaneously

https://dx.doi.org/10.1021/acsnano.0c07397
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demix and spatially segregate inside a cylindrical confinement,
related to the entropy of (de)mixing of chromosomes'’
(Figure 2a). More recently, by using simple principles of
multivalent interactions and bridging by DNA-binding
proteins, simulations of phase separation showed clusters
relevant for chromosome structure’” (Figure 2b). Further-
more, models have been built for eukaryotic chromosomes,
showing, for example, that loop-extruding elements acting on
DNA can disentangle newly replicated DNA into structures
that closely resemble mitotic chromosomes®'*’ (Figure 2c).
Loop-extrusion polymer-simulation models can also recapit-
ulate the TAD structures found in interphase chromo-
somes, 101102

These approaches each have their advantages and draw-
backs. The main strength of in wvivo live-cell studies is,
obviously, that they inherently examine chromosomes within
the natural context of the genomic polymer, the living cell.
Their major downside is the vast complexity of the inner
environment of cells with their multitude of simultaneously
interacting biomolecular components. This makes it challeng-
ing to provide clear cause—eflect relations. In vitro biophysics
experiments, on the other hand, provide detailed and
mechanistic information at the single-molecule level with
clear cause—effect relations about specific DNA—protein
interactions. However, these experiments are generally
performed on short DNA fragments that interact with only
one or a few purified proteins near a surface, and as such, they
are quite detached from the natural cellular environment.
Indeed, the strength of the single-molecule approach is at the
same time its weakness, as it does not allow to probe the bigger
picture of the combined effect of these DNA-structuring
elements on the genome as a whole. In silico experiments are
able to study full genomes (by coarse-graining the polymer to a
relevant length-scale) with single-parameter control. However,
one-to-one corresponding experimental verification of such in
silico results is often lacking.

BUILDING A SYNTHETIC CELL FROM THE BOTTOM
up

In recent years, synthetic biology has gained traction as a third
experimental avenue for studying living systems.'”> Synthetic
cell research deals with the construction of new biological
molecules and systems in order to redesign those found in
nature, and it does so in one of two approaches. In a top-down
approach, synthetic circuits are added to cells, or nonessential
elements of living cells are stripped away in an attempt to
establish a minimally functional cell. In a bottom-up approach,
on the other hand, one tries to compose minimal sets of
components that can perform rudimentary functions of living
cells. In particular, the aim is to first build modules to establish
functional cellular subsystems in isolation, before combining
them at a later stage into a synthetic cell. Examples of such
cellular modules could be circuits for a machinery for cell
division,'***® transcription—translation for genetic informa-
tion transfer,"’ pattern formation for spatial control,'"”” and
cell—cell communication.'”® This approach to synthetic cell
research can be called “bottom-up biology”, since its goal is to
establish biological function from the bottom up, that is, to
construct the essential characteristics of living cells out of a set
of well-understood but lifeless components. Notably, various
projects have been started across the world that aim at building
a synthetic cell.'”~'"?
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Figure 2. Examples of previous in silico and in vitro research on
genome-sized DNA. (a) Confinement can induce the entropic
demixing of two long polymers. Counterintuitively, the segregated
state has a higher entropy than the mixed state. Adapted with
permission from ref 168. Copyright 2010 Springer Nature. (b)
DNA-binding proteins that bridge DNA can lead to phase
separation into clusters. Adapted with permission from ref 96.
Copyright 2020 Springer Nature. (c) SMC loop extruders can
segregate a replicated random polymer into an object resembling a
mitotic chromosome. Adapted with permission from ref 100.
Copyright 2016 Goloborodko et al. (d) Electron microscopy image
of an E. coli chromosome, showing supercoiled plectonemes.
Adapted with permission from ref 115. Copyright 1976 Springer
Nature. (e) Fluorescence image of isolated E. coli chromosomes in
solution. Adapted with permission from ref 169. Copyright 2012
Elsevier. (f) An E. coli chromosome is compacted by a piston
formed by an optical tweezer bead (blue) inside a micron-sized
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Figure 2. continued

channel. Adapted with permission from ref 117. Copyright 2012
National Academy of Sciences. (g) A synthetic genome can be
transplanted into a host cell, which leads to the creation of a
synthetic cell JCVI-syn3.0, shown here. Adapted with permission
from ref 119. Copyright 2016 The American Association for the
Advancement of Science. (h) Frog-sperm chromatin can be
combined with six purified protein complexes to yield structures
similar to mitotic chromosomes. Adapted with permission from ref
120. Copyright 2015 Springer Nature.

Although also an in vitro methodology, the bottom-up
biology approach significantly exceeds the single-molecule
biophysics methodology in multiple ways. First, it literally is
scaling up by orders of magnitude, from single proteins to
elaborate but controlled protein mixtures and from local
molecular-level interactions to collective behavior and their
emergent effects. Second, bottom-up synthetic-cell research
specifically aims to study the functional subsystems within
mimics of the cellular container, for which there is a wide range
of possible scaffolds'"® (eg. liposomes, droplets, polymer-
somes, or microfabricated chambers) and microfluidic
technologies'**''* to manipulate them.

Can the bottom-up approach beneficially be applied to study
whole chromosomes? In the 1970s, bacterial chromosomes
were isolated from cells and prepared for electron microscopy
imaging, showing DNA supercoiled loop structures (Figure
2d).""> About two decades ago, Woldringh et al. provided a
relatively simple method to isolate bacterial chromosomes
from cells for optical microscopy (Figure 2e)."'® Jun et al. used

this method to study such nucleoids inside microfluidic
channels, providing insights into the effects of confinement
and macromolecular crowding on DNA organization (Figure
2f).""” Genome transplantation, as developed by Glass et al.,'"®
made it possible to isolate a chromosome from a cell, remove
the DNA-binding proteins, and insert this bare genome into a
host cell that had its genome removed. This “rebooted cell”
was then able to grow and multiply.""® This approach has been
expanded by using a synthetic minimized genome for the
purpose of finding a functional minimal version of the original
genome (Figure 2g).“9 While most of the early efforts
involved taking chromosomes out of living cells and simply
observing them, Hirano et al. attempted to mimic the
construction of mitotic chromosomes in vitro when they
combined frog sperm chromatin with six purified protein
complexes, leading to structures that, at face value, angeared
strikingly similar to mitotic chromatids (Figure 2h). Y This
approach was an extension of experiments involving recon-
stituted chromatin in Xenopus leavis egg extract,'*"'** which
also included examples of the use of microfluidics to
encapsulate the egg extract together with reconstituted
chromatin to explore the influence of confinement on the
size of the mitotic spindle.'**'**

A GENOME-IN-A-BOX

Here, we would like to argue that the time is ripe to embark on
an effort to build chromosomes from the bottom up, that is, to
establish, in vitro, the full complexity of prokaryotic or
eukaryotic chromosomes from basic elements through a
systematic hierarchical assembly. We coin this approach
‘genome-in-a-box’ (GenBox). This name derives inspiration
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Figure 3. GenBox: recreate genome structure by mixing genome-sized DNA and chromosome building blocks. (a) Chromosomes can be
extracted from live cells, for example the circular bacterial chromosome from E. coli. (b) Stripping chromosomes of its DNA-binding
proteins results in genome-sized DNA molecules that act as a substrate for subsequent experiments. (c) Next, DNA-structuring elements are
added, one at a time. Various categories of such chromosome building blocks are indicated: (i) Passive DNA-binding proteins. (ii)
Topoisomerases (Topo) involved in supercoiling and decatenation control. (iii) RNA polymerase (RNAp) responsible for transcription. (iv)
SMC proteins that underlie the looping structure of chromosomes. (v) Phase separation that is implicated in transcriptional condensates and
the formation of compartments. (vi) Crowders and solvent molecules that modulate compaction of a polymer through entropic depletion
forces and solvent—polymer interactions, respectively. (vii) Confinement provided by the cellular or nuclear boundary in cells, which can be

mimicked by artificial cell-sized containers.
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Figure 4. Chromosome building blocks: the elements that constitute chromosome organization. (a) Local DNA-binding proteins bend, wrap,
or bridge DNA. (i) Super-resolution image of a eukaryotic nucleus with fluorescently labeled histones. Red box is zoomed in on the right:
arrow points to a nucleosome nanodomain (‘nucleosome clutch’) composed of a small number of nucleosomes. Adapted with permission
from ref 170. Copyright 2015 Elsevier. (ii) AFM image of DNA with nucleosomes (arrow). Adapted with permission from ref 171. Copyright
2009 Springer Nature. (iii) AFM image of DNA with an H-NS bridge (arrow). Adapted with permission from ref 172. Copyright 2017 The
American Society for Biochemistry and Molecular Biology, Inc. (b) Topoisomerases control DNA supercoiling by inducing or relaxing
supercoils in the DNA. (i) Optical image and schematic of a plectonemic supercoil on a flow-stretched 20 kbp DNA molecule. Red arrow
indicates the plectoneme. Adapted with permission from ref 173. Copyright 2016 American Chemical Society. (ii) AFM image of a
supercoiled plasmid. Adapted with permission from ref 174. Copyright 2018 Springer Nature. (iii) Supercoiling density varies between
negative and positive along a eukaryotic chromosome. Adapted with permission from ref 175. Copyright 2013 Springer Nature. (c¢) RNA
polymerase (RNAp) transcribes genes in DNA. (i) Super-resolution image of labeled RNAp in a nucleus (white line). The RNAp is found to
be nonhomogeneously distributed in small clusters. Adapted with permission from ref 176. Copyright 2013 The American Association for
the Advancement of Science. (ii) Optical tweezers with a quartz cylinder can probe both the force and torque exerted by an RNAp (green)
acting on a short DNA molecule. Adapted with permission from ref 177. Copyright 2019 National Academy of Sciences. (iii) Optical
tweezers can probe the stepping of RNAp (green) along DNA. Adapted with permission from ref 178. Copyright 2006 Royal Society of
Chemistry. (d) SMC complexes extrude loops of DNA and are involved in the formation of TADs. (i) Fluorescence image of a flow-stretched
DNA molecule, in which an SMC condensin has extruded a loop. Adapted with permission from ref 5. Copyright 2018 The American
Association for the Advancement of Science. (ii) A section of a Hi-C contact map, showing TADs (squares) and loops (dots, see arrow).
Adapted with permission from ref 155. Copyright 2017 Elsevier. (iii) Super-resolution image of two TAD-like domains (red and cyan)
labeled by multiple rounds of FISH Oligopaint. Adapted with permission from ref 46. Copyright 2018 The American Association for the
Advancement of Science. (e) Phase separation in chromosomes can occur through multivalent interactions between DNA-binding proteins.
(i) Heterochromatin (red) and euchromatin (green) segregate within the nucleus through phase separation. Adapted with permission from
ref 34. Copyright 2019 Springer Nature. (ii) A section of a Hi-C map showing a checkerboard pattern indicating that alternating regions of a
chromosome interact over large distances through the formation of A and B compartments. Adapted with permission from ref 34. Copyright
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Figure 4. continued

2019 Springer Nature. (iii) Super-resolution image of a transcriptional condensate (red boxes) of mediator-coactivator (magenta) and RNAp
(green) inside the nucleus (white outline). Adapted with permission from ref 30. Copyright 2018 The American Association for the
Advancement of Science. (f) Macromolecular crowders and the solvent quality of the cytosol or nucleoplasm can modulate the compaction
of DNA. (i) Crowding influences the expansion and position of two chromosomes (white) within an E. coli cell that expands in size from top
to bottom (cell outer edge shown as white line). Adapted with permission from ref 14. Copyright 2019 Elsevier. (ii) Distribution of
ribosomes (that act as crowders) in E. coli from cryo-electron tomograms. Adapted with permission from ref 10. Copyright 2020 Xiang et al.
(iii) Computer simulation that shows that DNA in a poor solvent (bottom) forms heterogeneous structures, while DNA in an ideal solvent
(top) is homogeneously distributed throughout the cell (dashed red line). Adapted with permission from ref 10. Copyright 2020 Xiang e al.
(g) Confinement is provided by the cell wall in bacteria and by the nuclear envelope in eukaryotes. (i) Possibly due to confinement-induced
glassy dynamics, micrometer-sized regions move coherently within the nucleus on a time scale of seconds. Adapted with permission from ref
179. Copyright 2018 Oxford University Press. (ii) Chromosomes territories inside the nuclear confinement. Adapted with permission from
ref 180. Copyright 2019 eLife Sciences Publications, Ltd. (iii) Relaxation of the cell-wall confinement (orange line) of E. coli leads to an
opening up of the circular bacterial chromosome (white). Adapted with permission from ref 13. Copyright 2019 Springer Nature.

from the “particle-in-a-box” models that famously provided
basic insights in quantum mechanics, as we hope that GenBox
may similarly help to unravel key properties of chromosomal
organization. This approach is grounded in the fields of
bottom-up biology and synthetic-cell research and extends
upon previous research on genome-sized DNA, as described
above.

In GenBox (Figure 3), we envision to first isolate
chromosomes from cells and strip them of all DNA-binding
proteins, resulting in a genome-sized deproteinated DNA
substrate, similar to the sample-preparation steps in genome
transplantation.''® Subsequently, one can add purified DNA-
structuring elements (mostly protein complexes), which can be
seen as ‘chromosome building blocks’, with the aim to study
their specific effect on the structure and dynamics of the
genome-sized DNA. There is a wide range of such building
blocks known, for example, SMC protein complexes, top-
oisomerases, RNA polymerases, crowders, efc, which are
reviewed below. Finally, microfluidics and liposome technol-
ogies can be used to define a cell/nucleus-sized confinement—
the ‘box’ part of the GenBox. Using this scheme, it will be
possible to perform in vitro studies of chromosomes in a
regime of previously unexplored DNA sizes with great control
of the mutual interactions between the various actors.
Additionally, it will allow to study chromosome organization
in vitro at all its hierarchical levels, with examples ranging from
simple DNA-binding proteins inducing various levels of
compaction to the influence of loop formation at a global
scale and to the interaction between multiple chromosomes in
the same confining container as a mimic of chromosome
territories. In the spirit of Richard Feynman’s famous saying,
“What I cannot create, I do not understand”, GenBox uses the
concept of ‘building leads to understanding’ in order to study
chromosome organization.

A key feature in this approach is the use of genome-sized
DNA as a substrate. Notably, ‘genome-sized’ is not a very
accurate descriptor since genomes from different species vary
over 6 orders of magnitude in size, from 0.6 megabasepair
(Mycoplasma  genitalium'>®) to 150 gigabasepair (Pieris
japonica'*®). The relevant point, however, is that emergent
effects can be expected to come into play in the large-scale
DNA organization once the substrate size approaches the ~
megabasepair range, where, for example, TADs and compart-
mentalization occur.”***° The source (organism) of the DNA
can in principle be freely chosen, as many major features of
chromosomal structures occur widely across the domains of
life. There are examples, however, where it is desirable to
include species-specific sequences on the DNA substrate,

because a particular DNA-structuring element needs that
sequence to function. For example, CTCF sites (and
associated proteins) are crucial in human interphase
chromosome organization due to their interaction with cohesin
SMCs,® but these CTCF sites are absent in nonmetazoan
eukaryotes and bacteria.

As indicated above, an extensive toolbox of techniques is
available to study chromosome structure and dynamics. The
most obvious read-out in GenBox experiments would, in first
instance, be time-resolved fluorescence imaging that provides
dynamic structural information. Global information about the
density distribution of the DNA in space and time can be
monitored with DNA dyes, and local dynamics of specific spots
along the genome can be quantified using sequence-specific
fluorescent labels. Fortunately, in vitro experiments allow for
much relaxed constraints regarding phototoxicity and choices
of fluorophores, in contrast to live-cell imaging. Probing the
functional relevance of the GenBox chromosomes will be a
next step. As, for example, DNA-binding proteins can lead to
structures of varying degrees of compaction, gene accessibility
and expression may be influenced. The ability of transcription
machinery to transcribe a set of genes can be monitored, for
example, by quantitative PCR (qPCR). In parallel to imaging
and functional qPCR assays, chromosome conformation
capture experiments on these GenBox chromosomes can
provide high-resolution information on how a particular
chromosome building block affects the contact frequencies
among loci.

AN OVERVIEW OF CHROMOSOME BUILDING BLOCKS

One underlying assumption in this approach is that, to first
approximation, chromosome organization can be decomposed
into the action of various chromosome building blocks that
each have their distinct effect (Figure 4). Below we provide a
brief overview of some major chromosome building blocks,
which gives a glimpse of the diversity of components involved
in chromosome organization.

A starting point is to realize that DNA is a very long
macromolecule, and hence polymer physics dictates important
aspects of its behavior. Bare DNA has a persistence len$th of
50 nm and can be described by a worm-like chain model."*”"**
For genome-sized DNA, this leads to a random polymer coil
structure with a sizable radius of gyration, from 3.6 ym for a
4.6 megabasepair circular Escherichia coli bacterial genome to
130 pm for the 3 gigabasepair linear human genome (if it were
all to be connected in one linear DNA polymer). Such a
random coil is a large and rather open structure of low DNA

https://dx.doi.org/10.1021/acsnano.0c07397
ACS Nano 2021, 15, 111-124


www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07397?ref=pdf

ACS Nano

Www.acshano.org

density that a priori clearly would not fit within the typically
available space, which is the set by the ~1 pm cell size for E.
coli'*® (volume of ~0.5 um®) and by the ~10 um nucleus size
for human cells'*” (volume of ~525 um?®). Hence, the DNA
needs to be condensed, thereby increasing the DNA density by
2—4 orders of magnitude.

A range of passively acting DNA-binding proteins is
available for a first level of condensation (Figure 4a). In
eukaryotes, the major binding protein is the nucleosome,
which consists of 146 base pairs of DNA wrapped around a
histone octamer in 1.7 turns.”® These nucleosomes package
DNA into a beads-on-a-string structure, thus compacting DNA
by shortening the total polymer length, changing the level of
supercoiling, *' and altering flexibility of the DNA fiber."*”
Nucleosome-like structures have also been identified in
archaea, albeit with different properties as compared to
eukaryotes, such as oligomerization.133 In bacteria, DNA-
binding proteins known as nucleoid-associated proteins
(NAPs) similarly condense the chromosome.’”*’ Upon
binding the DNA either nonspecifically or at sequence-specific
target sites, these NAPs wrap (IHF, Dps), bend (Fis, HU), or
bridge (H-NS) the DNA. Aside from the structural role, NAPs
also influence gene expression. NAPs such as MatP are implied
in the organization and demarcation of the Terminus
macrodomain in E. coli, which is flanked by left/right
macrodomains that connect to a macrodomain at the origin
of replication."** The mechanism behind the formation of
these macrodomains still remains largely unclear. In eukar-
yotes'** and bacteria,"* post-translational modifications (such
as phosphorylation, methylation, and acetylation) of histone
tails or NAPs play an important regulatory role by modulating
their influence on gene expression and chromosome-structural
properties. These modifications work at various levels, as they,
for example, change the mutual interactions between DNA-
binding proteins which may cause the formation of A/B
compartments through phase separation.

Supercoiling"*~*" is relevant in both eukaryotes and bacteria
(Figure 4b,c). Bacterial genomes exhibit on average negative
supercoiling, that is, their DNA is under-twisted compared to
the regular right-handed double helix. In all organisms, the
local supercoiling is continuously altered by transcribing RNA
polymerases that move along the DNA, introducing positive
supercoils ahead of them and negative supercoils in their
wake."*” In bacteria, transcription processes at highly expressed
long genes can lead to both diffusion barriers for supercoils as
well as extended decompacted regions that may cause
segmentation of the bacterial chromosome into chromosome
interaction domains (CIDs).*”"** Control of the supercoiling
state happens in two ways: First, passive control of supercoiling
is provided by NAPs, such as HU"” and Fis'*’ which bind at
supercoiled plectonemes, thereby stabilizing them. Second,
active control of the torsional state of DNA is provided by a
variety of topoisomerases'*"'** that introduce or relax
supercoiling within the DNA. Topoisomerases also play a
role in decatenation, thus controlling the topology of the DNA
polymer, which is relevant at all stages of the cell cycle, but
especially for faithful chromosome segregation in both bacteria
and eukaryotes.

A central organizational motif of chromosome structures is
DNA looping (Figure 4d). Loops can form if proteins passively
bridge two distant points along the DNA.*"** Alternatively,
loops can be produced in an energy-driven process by
structural maintenance of chromosomes (SMC) complexes.

118

A wide range of methods (Hi-C,"'°"'%* biochemical
assays,'*'* ‘and single-molecule experiments'**'*”) have
provided evidence for loop extrusion by SMCs. Direct imaging
of the loop extrusion process by a single SMC complex, such as
cohesin and condensin, was provided in single-molecule optical
visualization assays.”> SMCs are motor proteins that bind
DNA and then start reeling in the DNA strand, thereby
forming a loop. They are fast but weak motors, translocating
DNA at rates up to 2000 bp/s but stalling their motor action at
forces of less than a piconewton.” " The precise molecular
mechanism behind SMC loop extrusion is still unknown,
although parts of the molecular puzzle are being solved by
structural studies with cryo-EM'**™"! and dynamical studies
with high-speed AFM.">”'>® In interphase, cohesin-mediated
loops are associated with TADs that often link promoters and
enhancers and also correlate with gene activation,’ although
the latter is under dispute.'** It is still incompletely understood
how the boundaries of TADs are defined in many organisms
and how TADs correspond to actual physical structures in
single cells.”””* Metazoan TAD boundaries are often signaled
by DNA sites that are bound by CTCF proteins that act as a
stop or pause sign for loop extrusion by cohesin.”">® In
preparation of eukaryotic cell division, loop formation by
condensin ensures that newly replicated chromosomes are
compacted, disentangled, and segregated from each other.”'*°
Lastly, in E. coli, Hi-C maps show that the SMC complex
MukBEF promotes long-range DNA contacts,* and live-cell
imaging reported that MukBEF occupies a thin axial core
within the nucleoid, consistent with a bottle-brush chromo-
some structure.'®’

More recently, it has become clear that phase separation
likely plays an important role in organizing chromosomes, for
example, in the formation of chromosomal compartments and
transcriptional hubs, which provide a fast-tunable and
selectively accessible environment for gene expression (Figure
4e). Phase separation is often mediated by multiple weak
interactions between intrinsically disordered or low-complexity
protein domains."*® Attractive interactions between hetero-
chromatin nucleosomes, mediated by histone tails*” or histone-
binding proteins’>*® as well as the interaction between
heterochromatin and the nuclear boundary or lamina, have
been reported to underlie the formation of chromosomal
compartments and their organization relative to the nuclear
lamina.**"** The HP1a histone-binding protein, for example,
forms liquid droplets in vitro when it is phosphorylated at the
N-terminal extension,*” though it did not do so in live mouse
cells,"”” underlining the need for careful experiments when
phase separation is involved.'®"'®* This process of microphase
separation, which segregates the heterochromatin (B-compart-
mental domains) from the euchromatin (A-compartmental
domains), is further modulated by active mixing caused by
SMC loop extrusion.”* Zooming in within the A-compart-
mental domains, transcribed euchromatin may segregate from
dormant euchromatin through the formation of active
microemulsions with RNA transcripts.”® Chromosomal
compartments linked to gene expression levels have also
been observed in Sulfolobus archaea, where they correlate with
the ener%y-driven action of an SMC-like protein called
coalescin.'®® Furthermore, transcriptional hubs in eukaryotes
display properties of liquid condensates, where multiple
components have been implicated with the phase separation,
namely transcription factors,””*® coactivators,””’' the en-
hancer sequence,”” and RNA polymerase.””***%** Lastly,
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phase separation is also significant for bacterial chromo-
somes, *#1%° for example, in transcriptional hubs surrounding
the nucleoid in E. coli’* and in ParB protein clusters in B.
subtilis.'®® ParB loads the bacterial SMCs onto the DNA,
whereupon the SMCs actively proceed along the DNA,
wrapping the two chromosome arms together."®

Finally, chromosomes are spatially confined within the
nucleus (eukaryotes) or cell boundary (bacteria and archaea)
and are suspended inside the crowded nucleoplasm or cytosol,
respectively (Figure 4f,g). The size and shape of the
confinement can strongly impact the chromosome structure.
For example, while a spherical container allows mixing of
chromosomes, deformation into a cylindrical or disc-like shape
may lead to spontaneous demixing and segregation.'” Yet,
chromosomes occupy distinct chromosome territories within
the roughly spherical nucleus, indicating additional mecha-
nisms. It has been suggested that chromosomes get kinetically
trapped into such territories at the start of interphase after the
decondensation of mitotic chromosomes.'® Combined with
confinement by the cell wall, crowding by macromolecular
complexes in the E. coli cytoplasm compacts and positions
chromosomes, leading also to a strongly varying ratio between
nucleoid size and cell size across bacterial species.'”'*"”
Furthermore, the cytoplasm in bacteria is a poor solvent for
DNA, causing the spontaneous compaction and formation of
domain-like structures.'® Lastly, the DNA polymer itself as well
as the surrounding cytoplasm were found to exhibit confine-
ment-induced §lassy dynamics, both in bacteria'' and in
human cells.'>">"¢

OUTLOOK

We reviewed research on chromosome structure and
introduced the “genome-in-a-box” (GenBox) as an alternative
in vitro approach to build and study chromosomes. GenBox
bridges the traditional methodologies of live-cell experiments
and in vitro single-molecule studies by using a genome-sized
DNA substrate and subsequent addition of DNA-organizing
elements. As a method which is based on the principle of ‘to
build is to understand’, it will allow to study how local
interactions between chromosome building blocks and DNA
lead to emergent genome-wide organizing effects. For example,
while we know in quite some detail how single SMCs extrude
loops of DNA,”™” it remains unclear how these molecular
motors collectively act to form a structured interphase or
mitotic chromosome. A GenBox approach enables such
studies, while also generally addressing the distinct effects of
NAPs, topoisomerases, polymerases, crowding agents, efc. In
order to build up further hierarchical levels of complexity,
combinations of chromosome building blocks can be probed,
since many of these building blocks mutually interact, as
detailed in the overview above. In this light, it will be
interesting to explore whether it is possible to recreate
chromosome-mimicking structures from a minimal set of
multiple DNA-structuring elements. For example, a chromo-
some-mimic together with macromolecular crowders can be
placed inside a liposome, which is subsequently shaped with
microfabricated structures,'**"* similar to in vivo experiments
with shape-manipulated E. coli cells."”"* Furthermore, we
expect a lively interplay with polymer physics modeling, as the
GenBox approach is closely related to the typical setup for in
silico modeling,

While GenBox will allow a wide array of interesting
experiments on genome-sized DNA substrates, no experimen-
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tal method is without its challenges. For example, this
approach does not lend itself well to the discovery of so far
unknown building blocks. Hence, like in any in vitro
experiment, an attempt to recreate chromosomes with a
minimal set of building blocks may fail if a component is
missing, indicating the need for a close feedback loop with live-
cell experiments. In order to gain access to such a missing
component, it may be possible to combine GenBox experi-
ments with cell extracts, that is, combining genome-sized DNA
and purified chromosome building blocks with the complexity
of the cytoplasm or nucleoplasm of natural cells. Clearly, many
technical hurdles will need to be overcome to realize GenBox,
for example, to prevent the shearing of the very large and
fragile DNA molecules. Quantitation may also pose a challenge
as copy numbers of DNA-binding proteins in a cell may not
directly translate to in vitro concentrations, since crowding
conditions may differ and protein concentrations in cells vary
across time as they are under the control of the cell-cycle. In
order to study the effects of developmental trajectories and
cellular cycles, for example, the transition from interphase to
mitotic chromosomes or vice versa, one would need to engineer
the ability to temporally control the concentrations of
chromosome building blocks. Fortunately, this should be
feasible by using microfluidics, in a similar manner to the
experiments of Jun et al, who observed compaction and
decompaction of isolated chromosomes inside microchannels
when crowding agents were added and removed.'"”

In closing, we like to point out that GenBox is one of
multiple avenues that are inspired by research aimed at
assembling a synthetic cell. This bottom-up biology approach
distinguishes itself from the usual in vitro single-molecule
experiments by acknowledging the importance of size,
complexity, and collectivity in biological organization and
processes. By acting as an intermediary between the current
approaches of live-cell experiments and single-molecule
techniques, we foresee that GenBox may offer a fruitful avenue
to study chromosomes in vitro in a bottom up-manner, yielding
valuable insights on chromosome structure and dynamics.
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VOCABULARY

Bottom up biology, bottom up biology research aims to
engineer and study life from the bottom up, from molecules to
cells to tissues; synthetic cell, synthetic biology research deals
with the construction of new biological molecules and systems
in order to redesign those found in nature. An ultimate aim in
this field is the synthetic cell: to construct an artificial cell-like
object that exhibits characteristics of natural cells; chromo-
some organization, the structure of a genome in both the
spatial and temporal sense, as it is organized in living systems;
polymer physics, the physical study of polymers that shows
how the global configuration of polymers (e.g., biopolymers
such as DNA) is guided by local physical properties such as the
stiffness, interactions between different monomers and
interactions of the polymer with the surrounding medium;
chromosome building blocks, DNA-organizing elements,
such as DNA-binding proteins or components of the
surrounding medium, which interact with and give structure
to the genome through a variety of local mechanisms such as
bending, bridging, wrapping, looping, crowding, and phase

separation.

REFERENCES

(1) Watson, J. D.; Crick, F. H. C. Molecular Structure of Nucleic
Acids: A Structure for Deoxyribose Nucleic Acid. Nature 1953, 171,
737—-738.

(2) Flemming, W. Zellsubstanz, Kern Und Zelltheilung; Verlag von
F.C.W. Vogel: Leipzig, 1882.

(3) Rao, S. S. P.; Huntley, M. H.; Durand, N. C.; Stamenova, E. K;
Bochkov, I. D.; Robinson, J. T.; Sanborn, A. L.; Machol, L; Omer, A.
D.; Lander, E. S.; Aiden, E. L. A 3D Map of the Human Genome at
Kilobase Resolution Reveals Principles of Chromatin Looping. Cell
2014, 159, 1665—1680.

(4) Gibcus, J. H,; Samejima, K; Goloborodko, A.; Samejima, L;
Naumova, N.; Nuebler, J.; Kanemaki, M. T.; Xie, L.; Paulson, J. R.;
Earnshaw, W. C.; Mirny, L. A.; Dekker, J. A Pathway for Mitotic
Chromosome Formation. Science 2018, 359, No. eaao6135.

(5) Ganji, M.; Shaltiel, I. A; Bisht, S; Kim, E.; Kalichava, A;
Haering, C. H.; Dekker, C. Real-Time Imaging of DNA Loop
Extrusion by Condensin. Science 2018, 360, 102—105.

(6) Davidson, L F.; Bauer, B.; Goetz, D.; Tang, W.; Wutz, G.; Peters,
J-M. M. DNA Loop Extrusion by Human Cohesin. Science 2019, 366,
1338—134S.

(7) Kim, Y,; Shi, Z,; Zhang, H.; Finkelstein, L. J.; Yu, H. Human
Cohesin Compacts DNA by Loop Extrusion. Science 2019, 366,
1345—1349.

(8) Kong, M; Cutts, E. E; Pan, D.; Beuron, F.; Kaliyappan, T.; Xue,
C.; Morris, E. P.; Musacchio, A.; Vannini, A.; Greene, E. C. Human
Condensin I and II Drive Extensive ATP-Dependent Compaction of
Nucleosome-Bound DNA. Mol. Cell 2020, 79, 99—114.

(9) Golfier, S.; Quail, T.; Kimura, H.; Brugués, ]J. Cohesin and
Condensin Extrude DNA Loops in a Cell-Cycle Dependent Manner.
eLife 2020, 9, e53885.

(10) Xiang, Y.; Surovtsev, I. V,; Chang, Y.; Govers, S. K; Parry, B.
R; Liu, J; Jacobs-Wagner, C. Solvent Quality and Chromosome
Folding in Escherichia Coli. bioRxiv, July 9, 2020, 195560, ver.
Lhttps://www.biorxiv.org/content/10.1101,/2020.07.09.195560v1.
full (accessed 2020-07-13).

(11) Parry, B. R.; Surovtsev, L. V.; Cabeen, M. T.; O’Hern, C. S.;
Dufresne, E. R.; Jacobs-Wagner, C. The Bacterial Cytoplasm Has
Glass-like Properties and Is Fluidized by Metabolic Activity. Cell
2014, 156, 183—194.

(12) Zidovska, A.; Weitz, D. A.; Mitchison, T. J. Micron-Scale
Coherence in Interphase Chromatin Dynamics. Proc. Natl. Acad. Sci.
U. S. A. 2013, 110, 15555—15560.

120

(13) Wu, F.; Japaridze, A.; Zheng, X.; Wiktor, J.; Kerssemakers, J. W.
J.; Dekker, C. Direct Imaging of the Circular Chromosome in a Live
Bacterium. Nat. Commun. 2019, 10, 2194.

(14) Wu, F.; Swain, P.; Kuijpers, L.; Zheng, X.; Felter, K.; Guurink,
M,; Solari, J.; Jun, S.; Shimizu, T. S.; Chaudhuri, D.; Mulder, B.;
Dekker, C. Cell Boundary Confinement Sets the Size and Position of
the E. Coli Chromosome. Curr. Biol. 2019, 29, 2131—2144.

(15) Kang, H.; Yoon, Y.-G.; Thirumalai, D.; Hyeon, C. Confine-
ment-Induced Glassy Dynamics in a Model for Chromosome
Organization. Phys. Rev. Lett. 2015, 115, 198102.

(16) Erdel, F.; Baum, M.; Rippe, K. The Viscoelastic Properties of
Chromatin and the Nucleoplasm Revealed by Scale-Dependent
Protein Mobility. J. Phys.: Condens. Matter 2015, 27, 06411S.

(17) Gray, W. T.; Govers, S. K;; Xiang, Y.; Parry, B. R.; Campos, M.;
Kim, S.; Jacobs-Wagner, C. Nucleoid Size Scaling and Intracellular
Organization of Translation across Bacteria. Cell 2019, 177, 1632—
1648.

(18) Rosa, A.; Everaers, R. Structure and Dynamics of Interphase
Chromosomes. PLoS Comput. Biol. 2008, 4, No. e1000153.

(19) Jun, S.; Mulder, B. Entropy-Driven Spatial Organization of
Highly Confined Polymers: Lessons for the Bacterial Chromosome.
Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 12388—12393.

(20) Gibson, B. A.; Doolittle, L. K.; Schneider, M. W. G.; Jensen, L.
E.; Gamarra, N.; Henry, L,; Gerlich, D. W.; Redding, S.; Rosen, M. K.
Organization of Chromatin by Intrinsic and Regulated Phase
Separation. Cell 2019, 179, 470—484.

(21) Erdel, F,; Rippe, K. Formation of Chromatin Subcompartments
by Phase Separation. Biophys. J. 2018, 114, 2262—2270.

(22) Hildebrand, E. M.; Dekker, J. Mechanisms and Functions of
Chromosome Compartmentalization. Trends Biochem. Sci. 2020, 4S,
385—396.

(23) Mirny, L. A; Imakaev, M, Abdennur, N. Two Major
Mechanisms of Chromosome Organization. Curr. Opin. Cell Biol.
2019, 58, 142—1852.

(24) Nuebler, J.; Fudenberg, G.; Imakaev, M.; Abdennur, N.; Mirny,
L. A. Chromatin Organization by an Interplay of Loop Extrusion and
Compartmental Segregation. Proc. Natl. Acad. Sci. U. S. A. 2018, 115,
E6697—E6706.

(25) Rowley, M. J.; Corces, V. G. Organizational Principles of 3D
Genome Architecture. Nat. Rev. Genet. 2018, 19, 789—800.

(26) Hilbert, L.; Sato, Y.; Kimura, H,; Jiilicher, F.; Honigmann, A.;
Zaburdaev, V.; Vastenhouw, N. L. Transcription Organizes
Euchromatin Similar to an Active Microemulsion. bioRxiv, August
1, 2018, 234112, ver. 1. https://www.biorxiv.org/content/10.1101/
234112v2.full (accessed 2020-06-08).

(27) Chong, S.; Dugast-Darzacq, C.; Liu, Z.; Dong, P.; Dailey, G.
M,; Cattoglio, C.; Heckert, A.; Banala, S.; Lavis, L.; Darzacq, X.; Tjian,
R. Imaging Dynamic and Selective Low-Complexity Domain
Interactions That Control Gene Transcription. Science 2018, 361,
No. eaar255S.

(28) Wei, M.-T.; Chang, Y.-C.; Shimobayashi, S. F.; Shin, Y.; Strom,
A. R; Brangwynne, C. P. Nucleated Transcriptional Condensates
Amplify Gene Expression. Nat. Cell Biol. 2020, 22, 1187—1196.

(29) Shrinivas, K.; Sabari, B. R.; Coffey, E. L.; Klein, 1. A.; Boija, A;
Zamudio, A. V.; Schuijers, J.; Hannett, N. M.; Sharp, P. A.; Young, R.
A.; Chakraborty, A. K. Enhancer Features That Drive Formation of
Transcriptional Condensates. Mol. Cell 2019, 75, 549—561.

(30) Cho, W. K; Spille, J. H.; Hecht, M.; Lee, C.; Li, C.; Grube, V,;
Cisse, I. I. Mediator and RNA Polymerase II Clusters Associate in
Transcription-Dependent Condensates. Science 2018, 361, 412—41S5.

(31) Sabari, B. R;; Dall'Agnese, A.; Boija, A.; Klein, I. A,; Coffey, E.
L.; Shrinivas, K;; Abraham, B. J.; Hannett, N. M,; Zamudio, A. V.;
Manteiga, J. C.; Li, C. H,; Guo, Y. E,; Day, D. S.; Schuijers, J.; Vasile,
E.; Malik, S.; Hnisz, D.; Lee, T. L; Cisse, L. L; Roeder, R. G.; et al.
Coactivator Condensation at Super-Enhancers Links Phase Separa-
tion and Gene Control. Science 2018, 361, No. eaar3958.

(32) Ladouceur, A.-M.; Parmar, B. S.; Biedzinski, S.; Wall, J.; Tope,
S. G; Cohn, D,; Kim, A.; Soubry, N.; Reyes-Lamothe, R.; Weber, S.
C. Clusters of Bacterial RNA Polymerase Are Biomolecular

https://dx.doi.org/10.1021/acsnano.0c07397
ACS Nano 2021, 15, 111-124


https://dx.doi.org/10.1038/171737a0
https://dx.doi.org/10.1038/171737a0
https://dx.doi.org/10.1016/j.cell.2014.11.021
https://dx.doi.org/10.1016/j.cell.2014.11.021
https://dx.doi.org/10.1126/science.aao6135
https://dx.doi.org/10.1126/science.aao6135
https://dx.doi.org/10.1126/science.aar7831
https://dx.doi.org/10.1126/science.aar7831
https://dx.doi.org/10.1126/science.aaz3418
https://dx.doi.org/10.1126/science.aaz4475
https://dx.doi.org/10.1126/science.aaz4475
https://dx.doi.org/10.1016/j.molcel.2020.04.026
https://dx.doi.org/10.1016/j.molcel.2020.04.026
https://dx.doi.org/10.1016/j.molcel.2020.04.026
https://dx.doi.org/10.7554/eLife.53885
https://dx.doi.org/10.7554/eLife.53885
https://www.biorxiv.org/content/10.1101/2020.07.09.195560v1.full
https://www.biorxiv.org/content/10.1101/2020.07.09.195560v1.full
https://dx.doi.org/10.1016/j.cell.2013.11.028
https://dx.doi.org/10.1016/j.cell.2013.11.028
https://dx.doi.org/10.1073/pnas.1220313110
https://dx.doi.org/10.1073/pnas.1220313110
https://dx.doi.org/10.1038/s41467-019-10221-0
https://dx.doi.org/10.1038/s41467-019-10221-0
https://dx.doi.org/10.1016/j.cub.2019.05.015
https://dx.doi.org/10.1016/j.cub.2019.05.015
https://dx.doi.org/10.1103/PhysRevLett.115.198102
https://dx.doi.org/10.1103/PhysRevLett.115.198102
https://dx.doi.org/10.1103/PhysRevLett.115.198102
https://dx.doi.org/10.1088/0953-8984/27/6/064115
https://dx.doi.org/10.1088/0953-8984/27/6/064115
https://dx.doi.org/10.1088/0953-8984/27/6/064115
https://dx.doi.org/10.1016/j.cell.2019.05.017
https://dx.doi.org/10.1016/j.cell.2019.05.017
https://dx.doi.org/10.1371/journal.pcbi.1000153
https://dx.doi.org/10.1371/journal.pcbi.1000153
https://dx.doi.org/10.1073/pnas.0605305103
https://dx.doi.org/10.1073/pnas.0605305103
https://dx.doi.org/10.1016/j.cell.2019.08.037
https://dx.doi.org/10.1016/j.cell.2019.08.037
https://dx.doi.org/10.1016/j.bpj.2018.03.011
https://dx.doi.org/10.1016/j.bpj.2018.03.011
https://dx.doi.org/10.1016/j.tibs.2020.01.002
https://dx.doi.org/10.1016/j.tibs.2020.01.002
https://dx.doi.org/10.1016/j.ceb.2019.05.001
https://dx.doi.org/10.1016/j.ceb.2019.05.001
https://dx.doi.org/10.1073/pnas.1717730115
https://dx.doi.org/10.1073/pnas.1717730115
https://dx.doi.org/10.1038/s41576-018-0060-8
https://dx.doi.org/10.1038/s41576-018-0060-8
https://www.biorxiv.org/content/10.1101/234112v2.full
https://www.biorxiv.org/content/10.1101/234112v2.full
https://dx.doi.org/10.1126/science.aar2555
https://dx.doi.org/10.1126/science.aar2555
https://dx.doi.org/10.1038/s41556-020-00578-6
https://dx.doi.org/10.1038/s41556-020-00578-6
https://dx.doi.org/10.1016/j.molcel.2019.07.009
https://dx.doi.org/10.1016/j.molcel.2019.07.009
https://dx.doi.org/10.1126/science.aar4199
https://dx.doi.org/10.1126/science.aar4199
https://dx.doi.org/10.1126/science.aar3958
https://dx.doi.org/10.1126/science.aar3958
https://dx.doi.org/10.1073/pnas.2005019117
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07397?ref=pdf

ACS Nano

Www.acshano.org

Condensates That Assemble through Liquid-Liquid Phase Separation.
Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 18540—18549.

(33) Boehning, M.; Dugast-Darzacq, C.; Rankovic, M.; Hansen, A.
S;; Yu, T.; Marie-Nelly, H.; McSwiggen, D. T.; Kokic, G.; Dailey, G.
M.,; Cramer, P.; Darzacq, X.; Zweckstetter, M. RNA Polymerase II
Clustering through Carboxy-Terminal Domain Phase Separation. Nat.
Struct. Mol. Biol. 2018, 25, 833—840.

(34) Falk, M.; Feodorova, Y.; Naumova, N.; Imakaev, M.; Lajoie, B.
R; Leonhardt, H.; Joffe, B.; Dekker, J.; Fudenberg, G.; Solovei, L;
Mirny, L. A. Heterochromatin Drives Compartmentalization of
Inverted and Conventional Nuclei. Nature 2019, 570, 395—399.

(35) Larson, A. G; Elnatan, D.; Keenen, M. M.; Trnka, M. J;
Johnston, J. B.; Burlingame, A. L.; Agard, D. A.; Redding, S.; Narlikar,
G. J. Liquid Droplet Formation by HPla Suggests a Role for Phase
Separation in Heterochromatin. Nature 2017, 547, 236—240.

(36) Strom, A. R;; Emelyanov, A. V.; Mir, M.; Fyodorov, D. V.;
Darzacq, X.; Karpen, G. H. Phase Separation Drives Heterochromatin
Domain Formation. Nature 2017, 547, 241—24S.

(37) Sessions, S. K. Genome Size. Brenner’s Encyclopedia of Genetics
2; Elsevier: London, 2013; Vol. 3, pp 301—-30S.

(38) Luger, K; Mider, A. W.; Richmond, R. K; Sargent, D. F,;
Richmond, T. J. Crystal Structure of the Nucleosome Core Particle at
2.8 A Resolution. Nature 1997, 389, 251—260.

(39) Dame, R. T.; Rashid, F.-Z. M.; Grainger, D. C. Chromosome
Organization in Bacteria: Mechanistic Insights into Genome Structure
and Function. Nat. Rev. Genet. 2020, 21, 227—-242.

(40) Dillon, S. C; Dorman, C. J. Bacterial Nucleoid-Associated
Proteins, Nucleoid Structure and Gene Expression. Nat. Rev.
Microbiol. 2010, 8, 185—195.

(41) Dupaigne, P.; Tonthat, N. K; Espéli, O.; Whitfill, T.; Boccard,
F.; Schumacher, M. A. Molecular Basis for a Protein-Mediated DNA-
Bridging Mechanism That Functions in Condensation of the E. Coli
Chromosome. Mol. Cell 2012, 48, 560—571.

(42) Dame, R. T.; Wyman, C.; Goosen, N. H-NS Mediated
Compaction of DNA Visualised by Atomic Force Microscopy. Nucleic
Acids Res. 2000, 28, 3504—3510.

(43) Corless, S.; Gilbert, N. Investigating DNA Supercoiling in
Eukaryotic Genomes. Briefings Funct. Genomics 2017, 16, 379—389.

(44) Koster, D. A,; Crut, A.; Shuman, S.; Bjornsti, M.-A.; Dekker, N.
H. Leading Edge Review Cellular Strategies for Regulating DNA
Supercoiling: A Single-Molecule Perspective. Cell 2010, 142, 519—
530.

(45) Badrinarayanan, A; Le, T. B. K; Laub, M. T. Bacterial
Chromosome Organization and Segregation. Annu. Rev. Cell Dev. Biol.
2015, 31, 171—199.

(46) Bintu, B.; Mateo, L. J,; Su, J.-H.; Sinnott-Armstrong, N. A,;
Parker, M.; Kinrot, S.; Yamaya, K; Boettiger, A. N.; Zhuang, X. Super-
Resolution Chromatin Tracing Reveals Domains and Cooperative
Interactions in Single Cells. Science 2018, 362, No. eaaul783.

(47) Le, T. B. K; Imakaev, M. V.; Mirny, L. a; Laub, M. T. High-
Resolution Mapping of the Spatial Organization of a Bacterial
Chromosome. Science 2013, 342, 731—734.

(48) Valens, M.; Penaud, S.; Rossignol, M.; Cornet, F.; Boccard, F.
Macrodomain Organization of the Escherichia Coli Chromosome.
EMBO ]. 2004, 23, 4330—4341.

(49) Lioy, V. S; Cournac, A; Marbouty, M.; Duigou, S.;
Mozziconacci, J.; Espéli, O.; Boccard, F.; Koszul, R. Multiscale
Structuring of the E. Coli Chromosome by Nucleoid-Associated and
Condensin Proteins. Cell 2018, 172, 771-783.

(50) van Steensel, B.; Furlong, E. E. M. The Role of Transcription in
Shaping the Spatial Organization of the Genome. Nat. Rev. Mol. Cell
Biol. 2019, 20, 327—337.

(51) Shah, S.; Takei, Y.; Zhou, W.; Lubeck, E.; Yun, J.; Eng, C.-H.
L.; Koulena, N.; Cronin, C.; Karp, C.; Liaw, E. J.; Amin, M,; Cai, L.
Dynamics and Spatial Genomics of the Nascent Transcriptome by
Intron SeqFISH. Cell 2018, 174, 363—376.

(52) Stevens, T.J.; Lando, D.; Basu, S.; Atkinson, L. P.; Cao, Y.; Lee,
S. F; Leeb, M.; Wohlfahrt, K. J; Boucher, W.; O’Shaughnessy-
Kirwan, A.; Cramard, J.; Faure, A. J.; Ralser, M.; Blanco, E.; Morey, L.;

121

Sanso, M.; Palayret, M. G. S.; Lehner, B.; Di Croce, L.; et al. 3D
Structures of Individual Mammalian Genomes Studied by Single-Cell
Hi-C. Nature 2017, 544, 59—64.

(53) Branco, M. R; Pombo, A. Intermingling of Chromosome
Territories in Interphase Suggests Role in Translocations and
Transcription-Dependent Associations. PLoS Biol. 2006, 4, No. e138.

(54) Batty, P.; Gerlich, D. W. Mitotic Chromosome Mechanics:
How Cells Segregate Their Genome. Trends Cell Biol. 2019, 29, 717—
726.

(55) Lakadamyali, M.; Cosma, M. P. Advanced Microscopy
Methods for Visualizing Chromatin Structure. FEBS Lett. 2015,
589, 3023—3030.

(56) Bystricky, K. Chromosome Dynamics and Folding in
Eukaryotes: Insights from Live Cell Microscopy. FEBS Lett. 2015,
589, 3014—3022.

(57) Jungmann, R.; Avendafio, M. S.; Woehrstein, J. B.; Dai, M,;
Shih, W. M.; Yin, P. Multiplexed 3D Cellular Super-Resolution
Imaging with DNA-PAINT and Exchange-PAINT. Nat. Methods
2014, 11, 313-318.

(58) Beliveau, B. J.; Joyce, E. F.; Apostolopoulos, N.; Yilmaz, F.;
Fonseka, C. Y.; McCole, R. B.; Chang, Y.; Lj, J. B.; Senaratne, T. N,;
Williams, B. R; Rouillard, J.-M.; Wu, C. -t. Versatile Design and
Synthesis Platform for Visualizing Genomes with Oligopaint FISH
Probes. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 21301—-21306.

(59) Deng, W.; Shi, X; Tjian, R; Lionnet, T.; Singer, R. H.
CASFISH: CRISPR/Cas9-Mediated in Situ Labeling of Genomic Loci
in Fixed Cells. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 11870—11875.

(60) Chen, B.; Gilbert, L. A.; Cimini, B. A.; Schnitzbauer, J.; Zhang,
W.; Li, G.-W,; Park, J.; Blackburn, E. H.; Weissman, J. S.; Qi, L. S;
Huang, B. Dynamic Imaging of Genomic Loci in Living Human Cells
by an Optimized CRISPR/Cas System. Cell 2013, 155, 1479—1491.

(61) Lau, L F; Filipe, S. R.; Seballe, B.; Qkstad, O.-A.; Barre, F.-X;
Sherratt, D. J. Spatial and Temporal Organization of Replicating
Escherichia Coli Chromosomes. Mol. Microbiol. 2003, 49, 731—743.

(62) Gordon, G. S.; Sitnikov, D.; Webb, C. D.; Teleman, A,;
Straight, A.; Losick, R.; Murray, A. W.; Wright, A. Chromosome and
Low Copy Plasmid Segregation in E. Coli: Visual Evidence for
Distinct Mechanisms. Cell 1997, 90, 1113—1121.

(63) Germier, T.; Audibert, S.; Kocanova, S.; Lane, D.; Bystricky, K.
Real-Time Imaging of Specific Genomic Loci in Eukaryotic Cells
Using the ANCHOR DNA Labelling System. Methods 2018, 142,
16—-23.

(64) Li, Y; Sergueev, K; Austin, S. The Segregation of the
Escherichia Coli Origin and Terminus of Replication. Mol. Microbiol.
2002, 46, 985—996.

(65) Cardozo Gizzi, A. M.; Cattoni, D. L; Fiche, J. B.; Espinola, S.
M.; Gurgo, J.; Messina, O.; Houbron, C.; Ogiyama, Y.; Papadopoulos,
G. L; Cavalli G, Lagha, M,; Nollmann, M. Microscopy-Based
Chromosome Conformation Capture Enables Simultaneous Visual-
ization of Genome Organization and Transcription in Intact
Organisms. Mol. Cell 2019, 74, 212—222.

(66) Schmitt, A. D.; Hu, M.; Ren, B. Genome-Wide Mapping and
Analysis of Chromosome Architecture. Nat. Rev. Mol. Cell Biol. 2016,
17, 743—7SS.

(67) Denker, A.; de Laat, W. The Second Decade of 3C
Technologies: Detailed Insights into Nuclear Organization. Genes
Dev. 2016, 30, 1357—1382.

(68) Klein, D. C.; Hainer, S. J. Genomic Methods in Profiling DNA
Accessibility and Factor Localization. Chromosome Res. 2020, 28, 69—
8S.

(69) Klemm, S. L.; Shipony, Z.; Greenleaf, W. J. Chromatin
Accessibility and the Regulatory Epigenome. Nat. Rev. Genet. 2019,
20, 207—220.

(70) Kempfer, R; Pombo, A. Methods for Mapping 3D
Chromosome Architecture. Nat. Rev. Genet. 2020, 21, 207—226.

(71) Jiang, S; Mortazavi, A. Integrating ChIP-Seq with Other
Functional Genomics Data. Briefings Funct. Genomics 2018, 17, 104—
118.

https://dx.doi.org/10.1021/acsnano.0c07397
ACS Nano 2021, 15, 111-124


https://dx.doi.org/10.1073/pnas.2005019117
https://dx.doi.org/10.1038/s41594-018-0112-y
https://dx.doi.org/10.1038/s41594-018-0112-y
https://dx.doi.org/10.1038/s41586-019-1275-3
https://dx.doi.org/10.1038/s41586-019-1275-3
https://dx.doi.org/10.1038/nature22822
https://dx.doi.org/10.1038/nature22822
https://dx.doi.org/10.1038/nature22989
https://dx.doi.org/10.1038/nature22989
https://dx.doi.org/10.1038/38444
https://dx.doi.org/10.1038/38444
https://dx.doi.org/10.1038/s41576-019-0185-4
https://dx.doi.org/10.1038/s41576-019-0185-4
https://dx.doi.org/10.1038/s41576-019-0185-4
https://dx.doi.org/10.1038/nrmicro2261
https://dx.doi.org/10.1038/nrmicro2261
https://dx.doi.org/10.1016/j.molcel.2012.09.009
https://dx.doi.org/10.1016/j.molcel.2012.09.009
https://dx.doi.org/10.1016/j.molcel.2012.09.009
https://dx.doi.org/10.1093/nar/28.18.3504
https://dx.doi.org/10.1093/nar/28.18.3504
https://dx.doi.org/10.1093/bfgp/elx007
https://dx.doi.org/10.1093/bfgp/elx007
https://dx.doi.org/10.1016/j.cell.2010.08.001
https://dx.doi.org/10.1016/j.cell.2010.08.001
https://dx.doi.org/10.1146/annurev-cellbio-100814-125211
https://dx.doi.org/10.1146/annurev-cellbio-100814-125211
https://dx.doi.org/10.1126/science.aau1783
https://dx.doi.org/10.1126/science.aau1783
https://dx.doi.org/10.1126/science.aau1783
https://dx.doi.org/10.1126/science.1242059
https://dx.doi.org/10.1126/science.1242059
https://dx.doi.org/10.1126/science.1242059
https://dx.doi.org/10.1038/sj.emboj.7600434
https://dx.doi.org/10.1016/j.cell.2017.12.027
https://dx.doi.org/10.1016/j.cell.2017.12.027
https://dx.doi.org/10.1016/j.cell.2017.12.027
https://dx.doi.org/10.1038/s41580-019-0114-6
https://dx.doi.org/10.1038/s41580-019-0114-6
https://dx.doi.org/10.1016/j.cell.2018.05.035
https://dx.doi.org/10.1016/j.cell.2018.05.035
https://dx.doi.org/10.1038/nature21429
https://dx.doi.org/10.1038/nature21429
https://dx.doi.org/10.1038/nature21429
https://dx.doi.org/10.1371/journal.pbio.0040138
https://dx.doi.org/10.1371/journal.pbio.0040138
https://dx.doi.org/10.1371/journal.pbio.0040138
https://dx.doi.org/10.1016/j.tcb.2019.05.007
https://dx.doi.org/10.1016/j.tcb.2019.05.007
https://dx.doi.org/10.1016/j.febslet.2015.04.012
https://dx.doi.org/10.1016/j.febslet.2015.04.012
https://dx.doi.org/10.1016/j.febslet.2015.07.012
https://dx.doi.org/10.1016/j.febslet.2015.07.012
https://dx.doi.org/10.1038/nmeth.2835
https://dx.doi.org/10.1038/nmeth.2835
https://dx.doi.org/10.1073/pnas.1213818110
https://dx.doi.org/10.1073/pnas.1213818110
https://dx.doi.org/10.1073/pnas.1213818110
https://dx.doi.org/10.1073/pnas.1515692112
https://dx.doi.org/10.1073/pnas.1515692112
https://dx.doi.org/10.1016/j.cell.2013.12.001
https://dx.doi.org/10.1016/j.cell.2013.12.001
https://dx.doi.org/10.1046/j.1365-2958.2003.03640.x
https://dx.doi.org/10.1046/j.1365-2958.2003.03640.x
https://dx.doi.org/10.1016/S0092-8674(00)80377-3
https://dx.doi.org/10.1016/S0092-8674(00)80377-3
https://dx.doi.org/10.1016/S0092-8674(00)80377-3
https://dx.doi.org/10.1016/j.ymeth.2018.04.008
https://dx.doi.org/10.1016/j.ymeth.2018.04.008
https://dx.doi.org/10.1046/j.1365-2958.2002.03234.x
https://dx.doi.org/10.1046/j.1365-2958.2002.03234.x
https://dx.doi.org/10.1016/j.molcel.2019.01.011
https://dx.doi.org/10.1016/j.molcel.2019.01.011
https://dx.doi.org/10.1016/j.molcel.2019.01.011
https://dx.doi.org/10.1016/j.molcel.2019.01.011
https://dx.doi.org/10.1038/nrm.2016.104
https://dx.doi.org/10.1038/nrm.2016.104
https://dx.doi.org/10.1101/gad.281964.116
https://dx.doi.org/10.1101/gad.281964.116
https://dx.doi.org/10.1007/s10577-019-09619-9
https://dx.doi.org/10.1007/s10577-019-09619-9
https://dx.doi.org/10.1038/s41576-018-0089-8
https://dx.doi.org/10.1038/s41576-018-0089-8
https://dx.doi.org/10.1038/s41576-019-0195-2
https://dx.doi.org/10.1038/s41576-019-0195-2
https://dx.doi.org/10.1093/bfgp/ely002
https://dx.doi.org/10.1093/bfgp/ely002
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07397?ref=pdf

ACS Nano

Www.acshano.org

(72) Beagan, J. A.; Phillips-Cremins, J. E. On the Existence and
Functionality of Topologically Associating Domains. Nat. Genet.
2020, 52, 8—16.

(73) Cardozo Gizzi, A. M.; Cattoni, D. L; Nollmann, M. TADs or
No TADS: Lessons From Single-Cell Imaging of Chromosome
Architecture. J. Mol. Biol. 2020, 432, 682—693.

(74) Nagano, T.; Lubling, Y.; Stevens, T. J.; Schoenfelder, S.; Yaffe,
E.; Dean, W,; Laue, E. D,; Tanay, A; Fraser, P. Single-Cell Hi-C
Reveals Cell-to-Cell Variability in Chromosome Structure. Nature
2013, 502, 59—64.

(75) Shipony, Z.; Marinov, G. K.; Swaffer, M. P.; Sinnott-Armstrong,
N. A,; Skotheim, J. M.; Kundaje, A.; Greenleaf, W. J. Long-Range
Single-Molecule Mapping of Chromatin Accessibility in Eukaryotes.
Nat. Methods 2020, 17, 319—327.

(76) Kind, J.; Pagie, L.; de Vries, S. S.; Nahidiazar, L.; Dey, S. S. S,;
Bienko, M.; Zhan, Y.; Lajoie, B.; de Graaf, C. A;; Amendola, M,;
Fudenberg, G.; Imakaev, M.; Mirny, L. A. A;; Jalink, K; Dekker, J.;
van Oudenaarden, A.; van Steensel, B. Genome-Wide Maps of
Nuclear Lamina Interactions in Single Human Cells. Cell 2015, 163,
134—147.

(77) Rhie, S. K; Perez, A. A,; Lay, F. D.; Schreiner, S.; Shi, J.; Polin,
J.; Farnham, P. J. A High-Resolution 3D Epigenomic Map Reveals
Insights into the Creation of the Prostate Cancer Transcriptome. Nat.
Commun. 2019, 10, 4154.

(78) Hollbacher, B.; Balazs, K.; Heinig, M.; Uhlenhaut, N. H. Seq-
Ing Answers: Current Data Integration Approaches to Uncover
Mechanisms of Transcriptional Regulation. Comput. Struct. Biotechnol.
J. 2020, 18, 1330—1341.

(79) Rooijers, K.; Markodimitraki, C. M.; Rang, F. J.; de Vries, S. S.;
Chialastri, A.; de Luca, K. L; Mooijman, D.; Dey, S. S; Kind, J.
Simultaneous Quantification of Protein-DNA Contacts and Tran-
scriptomes in Single Cells. Nat. Biotechnol. 2019, 37, 766—772.

(80) Kaur, G.; Lewis, J.; van Oijen, A. Shining a Spotlight on DNA:
Single-Molecule Methods to Visualise DNA. Molecules 2019, 24, 491.

(81) Zhao, Y.; Jiang, Y; Qi, Z. Visualizing Biological Reaction
Intermediates with DNA Curtains. J. Phys. D: Appl. Phys. 2017, S0,
153001.

(82) Dufréne, Y. F.; Ando, T.; Garcia, R; Alsteens, D.; Martinez-
Martin, D.; Engel, A,; Gerber, C.; Miiller, D. J. Imaging Modes of
Atomic Force Microscopy for Application in Molecular and Cell
Biology. Nat. Nanotechnol. 2017, 12, 295—307.

(83) Katan, A. J; Dekker, C. High-Speed AFM Reveals the
Dynamics of Single Biomolecules at the Nanometer Scale. Cell 2011,
147, 979-982.

(84) Wilson, M. D.; Costa, A. Cryo-Electron Microscopy of
Chromatin Biology. Acta Crystallogr. Sect. D Struct. Biol. 2017, 73,
541—-548.

(85) Orlov, 1; Myasnikov, A. G.; Andronov, L.; Natchiar, S. K;
Khatter, H.; Beinsteiner, B.; Ménétret, J.-F.; Hazemann, I.; Mohideen,
K.; Tazibt, K;; Tabaroni, R.; Kratzat, H.; Djabeur, N.; Bruxelles, T;
Raivoniaina, F.; Pompeo, L. di; Torchy, M.; Billas, I; Urzhumtsev, A.;
Klaholz, B. P. The Integrative Role of Cryo Electron Microscopy in
Molecular and Cellular Structural Biology. Biol. Cell 2017, 109, 81—
93.

(86) Murata, K.; Wolf, M. Cryo-Electron Microscopy for Structural
Analysis of Dynamic Biological Macromolecules. Biochim. Biophys.
Acta, Gen. Subj. 2018, 1862, 324—334.

(87) Ou, H. D.; Phan, S; Deerinck, T. J.; Thor, A.; Ellisman, M. H.;
O’Shea, C. C. ChromEMT: Visualizing 3D Chromatin Structure and
Compaction in Interphase and Mitotic Cells. Science 2017, 357,
No. eaag0025.

(88) Lerner, E.; Cordes, T.; Ingargiola, A.; Alhadid, Y.; Chung, S.;
Michalet, X.; Weiss, S. Toward Dynamic Structural Biology: Two
Decades of Single-Molecule Forster Resonance Energy Transfer.
Science 2018, 359, No. eaan1133.

(89) Sustarsic, M.; Kapanidis, A. N. Taking the Ruler to the Jungle:
Single-Molecule FRET for Understanding Biomolecular Structure and
Dynamics in Live Cells. Curr. Opin. Struct. Biol. 2015, 34, 52—59.

122

(90) Schuler, B.; Soranno, A.; Hofmann, H.; Nettels, D. Single-
Molecule FRET Spectroscopy and the Polymer Physics of Unfolded
and Intrinsically Disordered Proteins. Annu. Rev. Biophys. 2016, 43,
207-231.

(91) Kriegel, F; Ermann, N.; Lipfert, J. Probing the Mechanical
Properties, Conformational Changes, and Interactions of Nucleic
Acids with Magnetic Tweezers. J. Struct. Biol. 2017, 197, 26—36.

(92) Ritchie, D. B; Woodside, M. T. Probing the Structural
Dynamics of Proteins and Nucleic Acids with Optical Tweezers. Curr.
Opin. Struct. Biol. 2015, 34, 43—S1.

(93) Hashemi Shabestari, M.; Meijering, A. E. C,; Roos, W. H,;
Wuite, G. J. L,; Peterman, E. J. G. Recent Advances in Biological
Single-Molecule Applications of Optical Tweezers and Fluorescence
Microscopy. Methods Enzymol. 2017, 582, 85—119.

(94) Fudenberg, G.; Mirny, L. A. Higher-Order Chromatin
Structure: Bridging Physics and Biology. Curr. Opin. Genet. Dev.
2012, 22, 115—124.

(95) Imakaev, M. V.; Fudenberg, G; Mirny, L. A. Modeling
Chromosomes: Beyond Pretty Pictures. FEBS Lett. 2015, 589, 3031—
3036.

(96) Brackey, C. A; Marenduzzo, D.; Gilbert, N. Mechanistic
Modeling of Chromatin Folding to Understand Function. Nat.
Methods 2020, 17, 767—778.

(97) Barbieri, M.; Scialdone, A.; Gamba, A.; Pombo, A.; Nicodemi,
M. Polymer Physics, Scaling and Heterogeneity in the Spatial
Organisation of Chromosomes in the Cell Nucleus. Soft Matter
2013, 9, 8631.

(98) Bianco, S.; Chiariello, A. M.; Conte, M.; Esposito, A.; Fiorillo,
L.; Musella, F; Nicodemi, M. Computational Approaches from
Polymer Physics to Investigate Chromatin Folding. Curr. Opin. Cell
Biol. 2020, 64, 10—17.

(99) Michieletto, D.; Coli, D.; Marenduzzo, D.; Orlandini, E.
Nonequilibrium Theory of Epigenomic Microphase Separation in the
Cell Nucleus. Phys. Rev. Lett. 2019, 123, 228101.

(100) Goloborodko, A.; Imakaev, M. V.; Marko, J. F.; Mirny, L.
Compaction and Segregation of Sister Chromatids via Active Loop
Extrusion. eLife 2016, S, e14864.

(101) Sanborn, A. L.; Rao, S. S. P.; Huang, S.-C.; Durand, N. C,;
Huntley, M. H,; Jewett, A. I; Bochkov, I. D.; Chinnappan, D.;
Cutkosky, A.; Li, J; Geeting, K. P.; Gnirke, A,; Melnikov, A,;
McKenna, D.; Stamenova, E. K; Lander, E. S, Aiden, E. L.
Chromatin Extrusion Explains Key Features of Loop and Domain
Formation in Wild-Type and Engineered Genomes. Proc. Natl. Acad.
Sci. U. S. A. 2015, 112, E6456—E6465.

(102) Fudenberg, G.; Imakaev, M; Lu, C.; Goloborodko, A.;
Abdennur, N.; Mirny, L. A. Formation of Chromosomal Domains by
Loop Extrusion. Cell Rep. 2016, 15, 2038—2049.

(103) Schwille, P. Jump-Starting Life? Fundamental Aspects of
Synthetic Biology. J. Cell Biol. 2015, 210, 687—690.

(104) Ganzinger, K. A.; Merino-Salomon, A.; Garcia-Soriano, D. A,;
Butterfield, A. N.; Litschel, T.; Siedler, F.; Schwille, P. FtsZ
Reorganization Facilitates Deformation of Giant Vesicles in Micro-
fluidic Traps. Angew. Chem., Int. Ed. 2020, 59, 21372.

(105) Litschel, T.; Kelley, C. F.; Holz, D.; Koudehi, M. A.; Vogel, S.
K.; Burbaum, L.; Mizuno, N.; Vavylonis, D.; Schwille, P.
Reconstitution of Contractile Actomyosin Rings in Vesicles. bioRxiv,
July 1, 2020, 180901, ver. 1. https://www.biorxiv.org/content/10.
1101/2020.06.30.180901v1.abstract (accessed 2020-08-17).

(106) Van Nies, P.; Westerlaken, L; Blanken, D.; Salas, M.; Mencia,
M.; Danelon, C. Self-Replication of DNA by Its Encoded Proteins in
Liposome-Based Synthetic Cells. Nat. Commun. 2018, 9, 1583.

(107) Litschel, T.; Ramm, B.; Maas, R.; Heymann, M.; Schwille, P.
Beating Vesicles: Encapsulated Protein Oscillations Cause Dynamic
Membrane Deformations. Angew. Chem., Int. Ed. 2018, 57, 16286—
16290.

(108) Joesaar, A.; Yang, S.; Bogels, B.; van der Linden, A.; Pieters,
P.; Kumar, B. V. V. S. P.; Dalchau, N,; Phillips, A.; Mann, S.; de Greef,
T. F. A. DNA-Based Communication in Populations of Synthetic
Protocells. Nat. Nanotechnol. 2019, 14, 369—378.

https://dx.doi.org/10.1021/acsnano.0c07397
ACS Nano 2021, 15, 111-124


https://dx.doi.org/10.1038/s41588-019-0561-1
https://dx.doi.org/10.1038/s41588-019-0561-1
https://dx.doi.org/10.1016/j.jmb.2019.12.034
https://dx.doi.org/10.1016/j.jmb.2019.12.034
https://dx.doi.org/10.1016/j.jmb.2019.12.034
https://dx.doi.org/10.1038/nature12593
https://dx.doi.org/10.1038/nature12593
https://dx.doi.org/10.1038/s41592-019-0730-2
https://dx.doi.org/10.1038/s41592-019-0730-2
https://dx.doi.org/10.1016/j.cell.2015.08.040
https://dx.doi.org/10.1016/j.cell.2015.08.040
https://dx.doi.org/10.1038/s41467-019-12079-8
https://dx.doi.org/10.1038/s41467-019-12079-8
https://dx.doi.org/10.1016/j.csbj.2020.05.018
https://dx.doi.org/10.1016/j.csbj.2020.05.018
https://dx.doi.org/10.1016/j.csbj.2020.05.018
https://dx.doi.org/10.1038/s41587-019-0150-y
https://dx.doi.org/10.1038/s41587-019-0150-y
https://dx.doi.org/10.3390/molecules24030491
https://dx.doi.org/10.3390/molecules24030491
https://dx.doi.org/10.1088/1361-6463/aa59cf
https://dx.doi.org/10.1088/1361-6463/aa59cf
https://dx.doi.org/10.1038/nnano.2017.45
https://dx.doi.org/10.1038/nnano.2017.45
https://dx.doi.org/10.1038/nnano.2017.45
https://dx.doi.org/10.1016/j.cell.2011.11.017
https://dx.doi.org/10.1016/j.cell.2011.11.017
https://dx.doi.org/10.1107/S2059798317004430
https://dx.doi.org/10.1107/S2059798317004430
https://dx.doi.org/10.1111/boc.201600042
https://dx.doi.org/10.1111/boc.201600042
https://dx.doi.org/10.1016/j.bbagen.2017.07.020
https://dx.doi.org/10.1016/j.bbagen.2017.07.020
https://dx.doi.org/10.1126/science.aag0025
https://dx.doi.org/10.1126/science.aag0025
https://dx.doi.org/10.1126/science.aan1133
https://dx.doi.org/10.1126/science.aan1133
https://dx.doi.org/10.1016/j.sbi.2015.07.001
https://dx.doi.org/10.1016/j.sbi.2015.07.001
https://dx.doi.org/10.1016/j.sbi.2015.07.001
https://dx.doi.org/10.1146/annurev-biophys-062215-010915
https://dx.doi.org/10.1146/annurev-biophys-062215-010915
https://dx.doi.org/10.1146/annurev-biophys-062215-010915
https://dx.doi.org/10.1016/j.jsb.2016.06.022
https://dx.doi.org/10.1016/j.jsb.2016.06.022
https://dx.doi.org/10.1016/j.jsb.2016.06.022
https://dx.doi.org/10.1016/j.sbi.2015.06.006
https://dx.doi.org/10.1016/j.sbi.2015.06.006
https://dx.doi.org/10.1016/bs.mie.2016.09.047
https://dx.doi.org/10.1016/bs.mie.2016.09.047
https://dx.doi.org/10.1016/bs.mie.2016.09.047
https://dx.doi.org/10.1016/j.gde.2012.01.006
https://dx.doi.org/10.1016/j.gde.2012.01.006
https://dx.doi.org/10.1016/j.febslet.2015.09.004
https://dx.doi.org/10.1016/j.febslet.2015.09.004
https://dx.doi.org/10.1038/s41592-020-0852-6
https://dx.doi.org/10.1038/s41592-020-0852-6
https://dx.doi.org/10.1039/c3sm51436f
https://dx.doi.org/10.1039/c3sm51436f
https://dx.doi.org/10.1016/j.ceb.2020.01.002
https://dx.doi.org/10.1016/j.ceb.2020.01.002
https://dx.doi.org/10.1103/PhysRevLett.123.228101
https://dx.doi.org/10.1103/PhysRevLett.123.228101
https://dx.doi.org/10.7554/eLife.14864
https://dx.doi.org/10.7554/eLife.14864
https://dx.doi.org/10.1073/pnas.1518552112
https://dx.doi.org/10.1073/pnas.1518552112
https://dx.doi.org/10.1016/j.celrep.2016.04.085
https://dx.doi.org/10.1016/j.celrep.2016.04.085
https://dx.doi.org/10.1083/jcb.201506125
https://dx.doi.org/10.1083/jcb.201506125
https://dx.doi.org/10.1002/anie.202001928
https://dx.doi.org/10.1002/anie.202001928
https://dx.doi.org/10.1002/anie.202001928
https://www.biorxiv.org/content/10.1101/2020.06.30.180901v1.abstract
https://www.biorxiv.org/content/10.1101/2020.06.30.180901v1.abstract
https://dx.doi.org/10.1038/s41467-018-03926-1
https://dx.doi.org/10.1038/s41467-018-03926-1
https://dx.doi.org/10.1002/anie.201808750
https://dx.doi.org/10.1002/anie.201808750
https://dx.doi.org/10.1038/s41565-019-0399-9
https://dx.doi.org/10.1038/s41565-019-0399-9
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07397?ref=pdf

ACS Nano

Www.acshano.org

(109) BaSyC. http://www.basyc.nl (accessed 2020-10-06).

(110) Build-a-Cell. https://www.buildacell.org (accessed 2020-10-
06).

(111) MaxSynBio. https://www.maxsynbio.mpg.de (accessed 2020-
10-06).

(112) Synthetic Cell EU. http://www.syntheticcelleu (accessed
2020-10-06).

(113) Spoelstra, W. K; Deshpande, S.; Dekker, C. Tailoring the
Appearance: What Will Synthetic Cells Look Like? Curr. Opin.
Biotechnol. 2018, 51, 47—56.

(114) Fanalista, F.; Birnie, A.; Maan, R; Burla, F.; Charles, K;
Pawlik, G.; Deshpande, S.; Koenderink, G. H.; Dogterom, M,;
Dekker, C. Shape and Size Control of Artificial Cells for Bottom-Up
Biology. ACS Nano 2019, 13, 5439—5450.

(115) Kavenoff, R;; Bowen, B. C. Electron Microscopy of
Membrane-Free Folded Chromosomes from Escherichia Coli.
Chromosoma 1976, 59, 89—101.

(116) Cunha, S.; Woldringh, C. L.; Odijk, T. Polymer-Mediated
Compaction and Internal Dynamics of Isolated Escherichia Coli
Nucleoids. J. Struct. Biol. 2001, 136, 53—66.

(117) Pelletier, J.; Halvorsen, K; Ha, B.-Y.; Paparcone, R.; Sandler,
S.J.; Woldringh, C. L.; Wong, W. P.; Jun, S. Physical Manipulation of
the Escherichia Coli Chromosome Reveals Its Soft Nature. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109, E2649—E2656.

(118) Lartigue, C; Glass, J. L; Alperovich, N.; Pieper, R.; Parmar, P.
P.; Hutchison, C. A,; Smith, H. O.,; Venter, J. C. Genome
Transplantation in Bacteria: Changing One Species to Another.
Science 2007, 317, 632—638.

(119) Hutchison, C. A.; Chuang, R.-Y.; Noskov, V. N.; Assad-Garcia,
N.; Deerinck, T. J; Ellisman, M. H,; Gill, J.; Kannan, K;; Karas, B. J.;
Ma, L.; Pelletier, J. F,; Qi, Z.-Q.; Richter, R. A; Strychalski, E. A.; Sun,
L.; Suzuki, Y.; Tsvetanova, B.; Wise, K. S.; Smith, H. O.; Glass, J. L;
et al. Design and Synthesis of a Minimal Bacterial Genome. Science
2016, 351, No. aad6253.

(120) Shintomi, K.; Takahashi, T. S.; Hirano, T. Reconstitution of
Mitotic Chromatids with a Minimum Set of Purified Factors. Nat. Cell
Biol. 2015, 17, 1014—1023.

(121) Shintomi, K.; Inoue, F.; Watanabe, H.; Ohsumi, K.; Ohsugi,
M.; Hirano, T. Mitotic Chromosome Assembly despite Nucleosome
Depletion in Xenopus Egg Extracts. Science 2017, 356, 1284—1287.

(122) Kinoshita, K.; Kobayashi, T. J.; Hirano, T. Balancing Acts of
Two HEAT Subunits of Condensin I Support Dynamic Assembly of
Chromosome Axes. Dev. Cell 2015, 33, 94—106.

(123) Hazel, J; Krutkramelis, K; Mooney, P.; Tomschik, M.;
Gerow, K; Oakey, J.; Gatlin, J. C. Changes in Cytoplasmic Volume
Are Sufficient to Drive Spindle Scaling. Science (Washington, DC, U.
S.) 2013, 342, 853—856.

(124) Good, M. C.; Vahey, M. D.; Skandarajah, A.; Fletcher, D. A;
Heald, R. Cytoplasmic Volume Modulates Spindle Size during
Embryogenesis. Science 2013, 342, 856—860.

(125) Cole, S. T.; Saint-Girons, I. Bacterial Genomes-All Shapes and
Sizes. Organization of the Prokaryotic Genome; ASM Press:
Washington, DC, 2014; pp 35—62.

(126) Pellicer, J.; Fay, M. F.; Leitch, 1. J. The Largest Eukaryotic
Genome of Them All? Bot. J. Linn. Soc. 2010, 164, 10—15.

(127) Rittman, M.; Gilroy, E.; Koohy, H.; Rodger, A.; Richards, A. Is
DNA a Worm-Like Chain in Couette Flow?: In Search of Persistence
Length, a Critical Review. Sci. Prog. 2009, 92, 163—204.

(128) Peters, J. P.; Maher, L. J. DNA Curvature and Flexibility in
Vitro and in Vivo. Q. Rev. Biophys. 2010, 43, 23—63.

(129) Kubitschek, H. E.; Friske, J. A. Determination of Bacterial Cell
Volume with the Coulter Counter. J. Bacteriol. 1986, 168, 1466—
1467.

(130) Sun, H. B;; Shen, J.; Yokota, H. Size-Dependent Positioning of
Human Chromosomes in Interphase Nuclei. Biophys. J. 2000, 79,
184—190.

(131) Richmond, T. J.; Davey, C. A. The Structure of DNA in the
Nucleosome Core. Nature 2003, 423, 145—150.

123

(132) Kaczmarczyk, A.; Meng, H,; Ordu, O.; van Noort, J.; Dekker,
N. H. Chromatin Fibers Stabilize Nucleosomes under Torsional
Stress. Nat. Commun. 2020, 11, 126.

(133) Mattiroli, F.; Bhattacharyya, S.; Dyer, P. N,; White, A. E;
Sandman, K; Burkhart, B. W.; Byrne, K. R;; Lee, T.; Ahn, N. G;
Santangelo, T. J; Reeve, J. N.; Luger, K. Structure of Histone-Based
Chromatin in Archaea. Science 2017, 357, 609—612.

(134) Mercier, R.; Petit, M.-A.; Schbath, S.; Robin, S.; El Karoui, M.;
Boccard, F.; Espéli O. The MatP/MatS Site-Specific System
Organizes the Terminus Region of the E. Coli Chromosome into a
Macrodomain. Cell 2008, 135, 475—485.

(135) Bannister, A. J.; Kouzarides, T. Regulation of Chromatin by
Histone Modifications. Cell Res. 2011, 21, 381—395.

(136) Dilweg, I. W.; Dame, R. T. Post-Translational Modification of
Nucleoid-Associated Proteins: An Extra Layer of Functional
Modulation in Bacteria? Biochem. Soc. Trans. 2018, 46, 1381—1392.

(137) Wang, M. D.; Schnitzer, M. J,; Yin, H.; Landick, R; Gelles, J.;
Block, S. M. Force and Velocity Measured for Single Molecules of
RNA Polymerase. Science 1998, 282, 902—907.

(138) Le, T. B,; Laub, M. T. Transcription Rate and Transcript
Length Drive Formation of Chromosomal Interaction Domain
Boundaries. EMBO J. 2016, 35, 1582—1595.

(139) Lal, A;; Dhar, A;; Trostel, A,; Kouzine, F.; Seshasayee, A. S.
N.; Adhya, S. Genome Scale Patterns of Supercoiling in a Bacterial
Chromosome. Nat. Commun. 2016, 7, 11055.

(140) Schneider, R.; Lurz, R.; Liider, G.; Tolksdorf, C.; Travers, A.;
Muskhelishvili, G. An Architectural Role of the Escherichia Coli
Chromatin Protein FIS in Organising DNA. Nucleic Acids Res. 2001,
29, 51075114

(141) Pommier, Y.; Sun, Y,; Huang, S. N,; Nitiss, J. L. Roles of
Eukaryotic Topoisomerases in Transcription, Replication and
Genomic Stability. Nat. Rev. Mol. Cell Biol. 2016, 17, 703—721.

(142) Champou, J. J. DNA Topoisomerases: Structure, Function,
and Mechanism. Annu. Rev. Biochem. 2001, 70, 369—413.

(143) Piazza, 1; Rutkowska, A.; Ori, A,; Walczak, M.; Metz, J.;
Pelechano, V.; Beck, M.; Haering, C. H. Association of Condensin
with Chromosomes Depends on DNA Binding by Its HEAT-Repeat
Subunits. Nat. Struct. Mol. Biol. 2014, 21, 560—568.

(144) Cuylen, S.; Metz, J.; Haering, C. H. Condensin Structures
Chromosomal DNA through Topological Links. Nat. Struct. Mol. Biol.
2011, 18, 894—901.

(145) Kimura, K.; Hirano, T. ATP-Dependent Positive Supercoiling
of DNA by 13S Condensin: A Biochemical Implication for
Chromosome Condensation. Cell 1997, 90, 625—634.

(146) Keenholtz, R. A,; Dhanaraman, T.; Palou, R; Yu, J;
D’Amours, D.; Marko, J. F. Oligomerization and ATP Stimulate
Condensin-Mediated DNA Compaction. Sci. Rep. 2017, 7, 14279.

(147) Eeftens, J. M.; Bisht, S.; Kerssemakers, J.; Kschonsak, M.;
Haering, C. H.; Dekker, C. Real-Time Detection of Condensin-
Driven DNA Compaction Reveals a Multistep Binding Mechanism.
EMBO ]. 2017, 36, 3448—3457.

(148) Kschonsak, M.; Merkel, F.; Bisht, S;; Metz, J.; Rybin, V,;
Hassler, M.; Haering, C. H. Structural Basis for a Safety-Belt
Mechanism That Anchors Condensin to Chromosomes. Cell 2017,
171, 588—600.

(149) Shi, Z.; Gao, H.; Bai, X.-C,; Yu, H. Cryo-EM Structure of the
Human Cohesin-NIPBL-DNA Complex. Science 2020, 368, 1454—
1459.

(150) Biirmann, F.; Lee, B.-G. G.; Than, T.; Sinn, L.; O'Reilly, F. J;
Yatskevich, S.; Rappsilber, J.; Hu, B.; Nasmyth, K.; Lowe, J. A Folded
Conformation of MukBEF and Cohesin. Nat. Struct. Mol. Biol. 2019,
26, 227-236.

(151) Diebold-Durand, M. L.; Lee, H.; Ruiz Avila, L. B.; Noh, H.;
Shin, H. C.; Im, H.; Bock, F. P.; Biirmann, F.; Durand, A.; Basfeld, A,;
Ham, S.; Basquin, J.; Oh, B. H.; Gruber, S. Structure of Full-Length
SMC and Rearrangements Required for Chromosome Organization.
Mol. Cell 2017, 67, 334—347.

(152) Eeftens, J. M.; Katan, A. J.; Kschonsak, M.; Hassler, M.; de
Wilde, L.; Dief, E. M.; Haering, C. H.; Dekker, C. Condensin Smc2-

https://dx.doi.org/10.1021/acsnano.0c07397
ACS Nano 2021, 15, 111-124


http://www.basyc.nl
https://www.buildacell.org
https://www.maxsynbio.mpg.de
http://www.syntheticcell.eu
https://dx.doi.org/10.1016/j.copbio.2017.11.005
https://dx.doi.org/10.1016/j.copbio.2017.11.005
https://dx.doi.org/10.1021/acsnano.9b00220
https://dx.doi.org/10.1021/acsnano.9b00220
https://dx.doi.org/10.1007/BF00328479
https://dx.doi.org/10.1007/BF00328479
https://dx.doi.org/10.1006/jsbi.2001.4420
https://dx.doi.org/10.1006/jsbi.2001.4420
https://dx.doi.org/10.1006/jsbi.2001.4420
https://dx.doi.org/10.1073/pnas.1208689109
https://dx.doi.org/10.1073/pnas.1208689109
https://dx.doi.org/10.1126/science.1144622
https://dx.doi.org/10.1126/science.1144622
https://dx.doi.org/10.1126/science.aad6253
https://dx.doi.org/10.1038/ncb3187
https://dx.doi.org/10.1038/ncb3187
https://dx.doi.org/10.1126/science.aam9702
https://dx.doi.org/10.1126/science.aam9702
https://dx.doi.org/10.1016/j.devcel.2015.01.034
https://dx.doi.org/10.1016/j.devcel.2015.01.034
https://dx.doi.org/10.1016/j.devcel.2015.01.034
https://dx.doi.org/10.1126/science.1243110
https://dx.doi.org/10.1126/science.1243110
https://dx.doi.org/10.1126/science.1243147
https://dx.doi.org/10.1126/science.1243147
https://dx.doi.org/10.1111/j.1095-8339.2010.01072.x
https://dx.doi.org/10.1111/j.1095-8339.2010.01072.x
https://dx.doi.org/10.3184/003685009X462205
https://dx.doi.org/10.3184/003685009X462205
https://dx.doi.org/10.3184/003685009X462205
https://dx.doi.org/10.1017/S0033583510000077
https://dx.doi.org/10.1017/S0033583510000077
https://dx.doi.org/10.1128/JB.168.3.1466-1467.1986
https://dx.doi.org/10.1128/JB.168.3.1466-1467.1986
https://dx.doi.org/10.1016/S0006-3495(00)76282-5
https://dx.doi.org/10.1016/S0006-3495(00)76282-5
https://dx.doi.org/10.1038/nature01595
https://dx.doi.org/10.1038/nature01595
https://dx.doi.org/10.1038/s41467-019-13891-y
https://dx.doi.org/10.1038/s41467-019-13891-y
https://dx.doi.org/10.1126/science.aaj1849
https://dx.doi.org/10.1126/science.aaj1849
https://dx.doi.org/10.1016/j.cell.2008.08.031
https://dx.doi.org/10.1016/j.cell.2008.08.031
https://dx.doi.org/10.1016/j.cell.2008.08.031
https://dx.doi.org/10.1038/cr.2011.22
https://dx.doi.org/10.1038/cr.2011.22
https://dx.doi.org/10.1042/BST20180488
https://dx.doi.org/10.1042/BST20180488
https://dx.doi.org/10.1042/BST20180488
https://dx.doi.org/10.1126/science.282.5390.902
https://dx.doi.org/10.1126/science.282.5390.902
https://dx.doi.org/10.15252/embj.201593561
https://dx.doi.org/10.15252/embj.201593561
https://dx.doi.org/10.15252/embj.201593561
https://dx.doi.org/10.1038/ncomms11055
https://dx.doi.org/10.1038/ncomms11055
https://dx.doi.org/10.1093/nar/29.24.5107
https://dx.doi.org/10.1093/nar/29.24.5107
https://dx.doi.org/10.1038/nrm.2016.111
https://dx.doi.org/10.1038/nrm.2016.111
https://dx.doi.org/10.1038/nrm.2016.111
https://dx.doi.org/10.1146/annurev.biochem.70.1.369
https://dx.doi.org/10.1146/annurev.biochem.70.1.369
https://dx.doi.org/10.1038/nsmb.2831
https://dx.doi.org/10.1038/nsmb.2831
https://dx.doi.org/10.1038/nsmb.2831
https://dx.doi.org/10.1038/nsmb.2087
https://dx.doi.org/10.1038/nsmb.2087
https://dx.doi.org/10.1016/S0092-8674(00)80524-3
https://dx.doi.org/10.1016/S0092-8674(00)80524-3
https://dx.doi.org/10.1016/S0092-8674(00)80524-3
https://dx.doi.org/10.1038/s41598-017-14701-5
https://dx.doi.org/10.1038/s41598-017-14701-5
https://dx.doi.org/10.15252/embj.201797596
https://dx.doi.org/10.15252/embj.201797596
https://dx.doi.org/10.1016/j.cell.2017.09.008
https://dx.doi.org/10.1016/j.cell.2017.09.008
https://dx.doi.org/10.1126/science.abb0981
https://dx.doi.org/10.1126/science.abb0981
https://dx.doi.org/10.1038/s41594-019-0196-z
https://dx.doi.org/10.1038/s41594-019-0196-z
https://dx.doi.org/10.1016/j.molcel.2017.06.010
https://dx.doi.org/10.1016/j.molcel.2017.06.010
https://dx.doi.org/10.1016/j.celrep.2016.01.063
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07397?ref=pdf

ACS Nano

Www.acshano.org

Smc4 Dimers Are Flexible and Dynamic. Cell Rep. 2016, 14, 1813—
1818.

(153) Ryu, J-K,; Katan, A. J.; van der Sluis, E. O.; Wisse, T.; de
Groot, R.; Haering, C. H.; Dekker, C. The Condensin Holocomplex
Cycles Dynamically between Open and Collapsed States. Nat. Struct.
Mol. Biol. 2020, 27, 1134.

(154) Rao, S. S. P,; Huang, S.-C.; Glenn St Hilaire, B.; Engreitz, J.
M,; Perez, E. M,; Kieffer-Kwon, K.-R; Sanborn, A. L.; Johnstone, S.
E.; Bascom, G. D.; Bochkov, I. D.; Huang, X.; Shamim, M. S.; Shin, J.;
Turner, D,; Ye, Z; Omer, A. D.; Robinson, J. T, Schlick, T.;
Bernstein, B. E.; Casellas, R.; et al. Cohesin Loss Eliminates All Loop
Domains. Cell 2017, 171, 305—320.

(155) Haarhuis, J. H. L; van der Weide, R. H.; Blomen, V. A.; Yafiez-
Cuna, J. O.; Amendola, M,; van Ruiten, M. S.; Krijger, P. H. L,;
Teunissen, H.; Medema, R. H.; van Steensel, B.; Brummelkamp, T.
R.; de Wit, E.,; Rowland, B. D. The Cohesin Release Factor WAPL
Restricts Chromatin Loop Extension. Cell 2017, 169, 693—707.

(156) Cuylen, S.; Blaukopf, C.; Politi, A. Z.; Muller-Reichert, T;
Neumann, B.; Poser, L; Ellenberg, J.; Hyman, A. A.; Gerlich, D. W.
Ki-67 Acts as a Biological Surfactant to Disperse Mitotic
Chromosomes. Nature 2016, 535, 308—312.

(157) Makels, J.; Sherratt, D. J. Organization of the Escherichia Coli
Chromosome by a MukBEF Axial Core. Mol. Cell 2020, 78, 250—260.

(158) Hyman, A. A.; Weber, C. A;; Jiilicher, F. Liquid-Liquid Phase
Separation in Biology. Annu. Rev. Cell Dev. Biol. 2014, 30, 39—58.

(159) van Steensel, B.; Belmont, A. S. Lamina-Associated Domains:
Links with Chromosome Architecture, Heterochromatin, and Gene
Repression. Cell 2017, 169, 780—791.

(160) Erdel, F.; Rademacher, A.; Vlijm, R.; Tiinnermann, J.; Frank,
L.; Weinmann, R.; Schweigert, E.; Yserentant, K.; Hummert, J.; Bauer,
C.; Schumacher, S.; Al Alwash, A.; Normand, C.; Herten, D.-P.;
Engelhardt, J.; Rippe, K. Mouse Heterochromatin Adopts Digital
Compaction States without Showing Hallmarks of HP1-Driven
Liquid-Liquid Phase Separation. Mol. Cell 2020, 78, 236—249.

(161) McSwiggen, D. T.; Mir, M.; Darzacq, X.; Tjian, R. Evaluating
Phase Separation in Live Cells: Diagnosis, Caveats, and Functional
Consequences. Genes Dev. 2019, 33, 1619—1634.

(162) Alberti, S.; Gladfelter, A,; Mittag, T. Considerations
Challenges in Studying Liquid-Liquid Phase Separation
Biomolecular Condensates. Cell 2019, 176, 419—434.

(163) Takemata, N.; Samson, R. Y, Bell, S. D. Physical
Functional Compartmentalization of Archaeal Chromosomes.
2019, 179, 165—179.

(164) Azaldegui, C. A; Vecchiarelli A. G.; Biteen, J. S. The
Emergence of Phase Separation as an Organizing Principle in Bacteria.
Biophys. J. 2020, 20, 239012.

(165) Choi, J.-M.; Holehouse, A. S.; Pappu, R. V. Physical Principles
Underlying the Complex Biology of Intracellular Phase Transitions.
Annu. Rev. Biophys. 2020, 49, 107—133.

(166) Guilhas, B.; Walter, J.-C.; Rech, J.; David, G.; Walliser, N. O.;
Palmeri, J.; Mathieu-Demaziere, C.; Parmeggiani, A.; Bouet, J.-Y.; Le
Gall, A,; Nollmann, M. ATP-Driven Separation of Liquid Phase
Condensates in Bacteria. Mol. Cell 2020, 79, 293—303.

(167) Wang, X.; Hughes, A. C.; Brandao, H. B.; Walker, B.; Lierz,
C.; Cochran, J. C.; Oakley, M. G.; Kruse, A. C.; Rudner, D. Z. In Vivo
Evidence for ATPase-Dependent DNA Translocation by the Bacillus
Subtilis SMC Condensin Complex. Mol. Cell 2018, 71, 841—847.

(168) Jun, S.; Wright, A. Entropy as the Driver of Chromosome
Segregation. Nat. Rev. Microbiol. 2010, 8, 600—607.

(169) Wegner, A. S.; Alexeeva, S.; Odijk, T.; Woldringh, C. L.
Characterization of Escherichia Coli Nucleoids Released by Osmotic
Shock. J. Struct. Biol. 2012, 178, 260—269.

(170) Ricci, M. A.; Manzo, C.; Garcia-Parajo, M. F.; Lakadamyali,
M.; Cosma, M. P. Chromatin Fibers Are Formed by Heterogeneous
Groups of Nucleosomes in Vivo. Cell 2015, 160, 1145—1158.

(171) Kruithof, M.; Chien, F.-T.; Routh, A;; Logie, C.; Rhodes, D.;
van Noort, J. Single-Molecule Force Spectroscopy Reveals a Highly
Compliant Helical Folding for the 30-Nm Chromatin Fiber. Nat.
Struct. Mol. Biol. 2009, 16, 534—540.

and
and

and

Cell

124

(172) Japaridze, A,; Renevey, S.; Sobetzko, P.; Stoliar, L.; Nasser,
W.; Dietler, G.; Muskhelishvili, G. Spatial Organization of DNA
Sequences Directs the Assembly of Bacterial Chromatin by a
Nucleoid-Associated Protein. J. Biol. Chem. 2017, 292, 7607—7618.

(173) Ganji, M; Kim, S. H.; van der Torre, J.; Abbondanzieri, E.;
Dekker, C. Intercalation-Based Single-Molecule Fluorescence Assay
To Study DNA Supercoil Dynamics. Nano Lett. 2016, 16, 4699—
4707.

(174) Bettotti, P.; Visone, V.; Lunelli, L.; Perugino, G.; Ciaramella,
M.; Valenti, A. Structure and Properties of DNA Molecules Over The
Full Range of Biologically Relevant Supercoiling States. Sci. Rep. 2018,
8, 6163.

(175) Naughton, C.; Avlonitis, N.; Corless, S.; Prendergast, J. G.;
Mati, I. K,; Eijk, P. P.; Cockroft, S. L.; Bradley, M.; Ylstra, B.; Gilbert,
N. Transcription Forms and Remodels Supercoiling Domains
Unfolding Large-Scale Chromatin Structures. Nat. Struct. Mol. Biol.
2013, 20, 387—395.

(176) Cisse, 1. 1; Izeddin, I; Causse, S. Z.; Boudarene, L.; Senecal,
A.; Muresan, L.; Dugast-Darzacq, C.; Hajj, B.; Dahan, M.; Darzacq, X.
Real-Time Dynamics of RNA Polymerase II Clustering in Live
Human Cells. Science 2013, 341, 664—667.

(177) Ma, J; Tan, C; Gao, X.; Fulbright, R. M.; Roberts, J. W,;
Wang, M. D. Transcription Factor Regulation of RNA Polymerase’s
Torque Generation Capacity. Proc. Natl. Acad. Sci. U. S. A. 2019, 116,
2583—-2588.

(178) Kimura, Y.; Bianco, P. R. Single Molecule Studies of DNA
Binding Proteins Using Optical Tweezers. Analyst 2006, 131, 868.

(179) Shaban, H. A, Barth, R; Bystricky, K. Formation of
Correlated Chromatin Domains at Nanoscale Dynamic Resolution
during Transcription. Nucleic Acids Res. 2018, 46, No. €77.

(180) Fields, B. D; Nguyen, S. C; Nir, G; Kennedy, S. A
Multiplexed DNA FISH Strategy for Assessing Genome Architecture
in Caenorhabditis Elegans. eLife 2019, 8, e42823.

https://dx.doi.org/10.1021/acsnano.0c07397
ACS Nano 2021, 15, 111-124


https://dx.doi.org/10.1016/j.celrep.2016.01.063
https://dx.doi.org/10.1038/s41594-020-0508-3
https://dx.doi.org/10.1038/s41594-020-0508-3
https://dx.doi.org/10.1016/j.cell.2017.09.026
https://dx.doi.org/10.1016/j.cell.2017.09.026
https://dx.doi.org/10.1016/j.cell.2017.04.013
https://dx.doi.org/10.1016/j.cell.2017.04.013
https://dx.doi.org/10.1038/nature18610
https://dx.doi.org/10.1038/nature18610
https://dx.doi.org/10.1016/j.molcel.2020.02.003
https://dx.doi.org/10.1016/j.molcel.2020.02.003
https://dx.doi.org/10.1146/annurev-cellbio-100913-013325
https://dx.doi.org/10.1146/annurev-cellbio-100913-013325
https://dx.doi.org/10.1016/j.cell.2017.04.022
https://dx.doi.org/10.1016/j.cell.2017.04.022
https://dx.doi.org/10.1016/j.cell.2017.04.022
https://dx.doi.org/10.1016/j.molcel.2020.02.005
https://dx.doi.org/10.1016/j.molcel.2020.02.005
https://dx.doi.org/10.1016/j.molcel.2020.02.005
https://dx.doi.org/10.1101/gad.331520.119
https://dx.doi.org/10.1101/gad.331520.119
https://dx.doi.org/10.1101/gad.331520.119
https://dx.doi.org/10.1016/j.cell.2018.12.035
https://dx.doi.org/10.1016/j.cell.2018.12.035
https://dx.doi.org/10.1016/j.cell.2018.12.035
https://dx.doi.org/10.1016/j.cell.2019.08.036
https://dx.doi.org/10.1016/j.cell.2019.08.036
https://dx.doi.org/10.1016/j.bpj.2020.09.023
https://dx.doi.org/10.1016/j.bpj.2020.09.023
https://dx.doi.org/10.1146/annurev-biophys-121219-081629
https://dx.doi.org/10.1146/annurev-biophys-121219-081629
https://dx.doi.org/10.1016/j.molcel.2020.06.034
https://dx.doi.org/10.1016/j.molcel.2020.06.034
https://dx.doi.org/10.1016/j.molcel.2018.07.006
https://dx.doi.org/10.1016/j.molcel.2018.07.006
https://dx.doi.org/10.1016/j.molcel.2018.07.006
https://dx.doi.org/10.1038/nrmicro2391
https://dx.doi.org/10.1038/nrmicro2391
https://dx.doi.org/10.1016/j.jsb.2012.03.007
https://dx.doi.org/10.1016/j.jsb.2012.03.007
https://dx.doi.org/10.1016/j.cell.2015.01.054
https://dx.doi.org/10.1016/j.cell.2015.01.054
https://dx.doi.org/10.1038/nsmb.1590
https://dx.doi.org/10.1038/nsmb.1590
https://dx.doi.org/10.1074/jbc.M117.780239
https://dx.doi.org/10.1074/jbc.M117.780239
https://dx.doi.org/10.1074/jbc.M117.780239
https://dx.doi.org/10.1021/acs.nanolett.6b02213
https://dx.doi.org/10.1021/acs.nanolett.6b02213
https://dx.doi.org/10.1038/s41598-018-24499-5
https://dx.doi.org/10.1038/s41598-018-24499-5
https://dx.doi.org/10.1038/nsmb.2509
https://dx.doi.org/10.1038/nsmb.2509
https://dx.doi.org/10.1126/science.1239053
https://dx.doi.org/10.1126/science.1239053
https://dx.doi.org/10.1073/pnas.1807031116
https://dx.doi.org/10.1073/pnas.1807031116
https://dx.doi.org/10.1039/b600157m
https://dx.doi.org/10.1039/b600157m
https://dx.doi.org/10.1093/nar/gky269
https://dx.doi.org/10.1093/nar/gky269
https://dx.doi.org/10.1093/nar/gky269
https://dx.doi.org/10.7554/eLife.42823
https://dx.doi.org/10.7554/eLife.42823
https://dx.doi.org/10.7554/eLife.42823
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07397?ref=pdf

